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FAD Flavin adenine dinucleotide, quinone form 
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1. INTRODUCTION 
1.1. O N I S O A L L O X A Z I N E S ( F L A V I N S ) A N D F L A V O P R O T E I N S 
The recognition of isoalloxazine as an important functional group in biological 
systems began with the isolation of a yellow enzyme ('old yellow enzyme') from 
yeast by WARBURG and CHRISTIAN (1932). This discovery was soon followed by 
the isolation, characterization and chemical synthesis of structurally related 
compounds, such as lactoflavin, now called riboflavin, and lumiflavin, a photo-
derivative of the yellow chromophore of the old yellow enzyme, by the groups of 
KUHN (KUHN et al., 1933,1934,1935) and WARBURG (WARBURG and CHRISTIAN, 
1933). The chromophore itself was identified by THEORELL (1934, 1935) as 
ribonavin-5'-phosphate. An important finding in this time was that riboflavin 
was also active as a vitamin of the B-group (KUHN et al., 1933). In this way one 
of the biological functions of a vitamin, i.e. as a constituent of the prosthetic 
group of an enzyme, became clear. 
The structure and nomenclature of the biological important flavins is given 
in scheme 1.1, according to HEMMERICH et al. (1965). This nomenclature differs 
with respect to the numbering of the isoalloxazine ringsystem from that used 
by some other authors (e.g. PENZER and RADDA, 1967), but it is in better accord-
ance with the IUP AC recommendations for Organic Nomenclature. The two 
flavincoenzymes are Flavin Mono Nucleotide (FMN) and Flavin Adenine 
Dinucleotide (FAD). The term nucleotide is formally not justified because the 
isoalloxazine group is non-glycosidically bound to the ribitol group, but it is 
generally used. 
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SCHEME 1.1. The Chemical structure of some important flavins. 
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With the isolation of the old yellow enzyme it became clear that the biological 
function is related to the reversible oxidation-reduction of the coenzyme. Upon 
the addition of reductants, such as bisulfite, the yellow color of the flavin is 
bleached, while the admission of air restores the original color (WARBURG and 
CHRISTIAN, 1933). A similar observation was made by BANGA and SZENT-
GYORGYI (1932) upon the addition of'cytoflav' to metabolizing cells. MICHAELIS 
et al. (1936) showed that a semiquinone was formed as an intermediate in the 
oxidation-reduction of riboflavin and since then much attention has been given 
to the role of semiquinones in flavoprotein catalysis (for a review of this work, 
see BEINERT, 1963). In many cases it has been found that the rate of formation 
and disappearance of the semiquinone, characterized by its long-wavelength 
absorption, does allow this species to be an intermediate in the enzyme catalyzed 
reaction (MASSEY et al., 1960, 1966). In recent years it has been demonstrated 
for some flavoproteins that the uncomplexed flavoprotein semiquinone, formed 
by irradiation in the presence of EDTA (MASSEY and PALMER, 1967) or by 
partial reduction with dithionite (MASSEY et al., 1966) is not involved in cataly-
sis. A role of the semiquinone as intermediate in catalysis is observed in those 
cases where it is either complexed with a substrate radical (i.e. the amino acid 
oxidases) or with a protein radical (i.e. lipoamide dehydrogenase). Thus, the 
lack of an EPR signal, observed in these cases, may be due to pairing of the 
spins. 
In recent years some flavoproteins have been isolated which possess apparently 
no redox function such as hydroxynitril lyase (BECKER et al., 1963), glyoxalate 
carboxyligase ( G U P T A and VENNESLAND, 1964) and acetohydroxy acid syn-
thetase (STORMER and UMBARGER, 1964). It seems however that the existance of 
a transient redox state, i.e. an internal oxidation-reduction, cannot be excluded. 
It has been suggested in connection with the finding that under special condi-
tions (i.e. irradiation) group transfer rather than hydrogen or electron transfer 
occurs (HEMMERICH et al., 1967; this thesis, Chapter 5.4), that in some cases 
flavoproteins may function by group transfer. 
1.2. O N L - A M I N O A C I D O X I D A S E 
L-amino acid oxidases catalyze the oxidative deamination of L-amino acids 
to a-keto acids, according to the overall reaction 
RCH(NH 3 +)COO- + 0 2 + H 2 0 > RCOCOO~ + NH 4 + + H 2 0 2 (1-1) 
These enzymes have been found in many species, such as bacteria (BERNHEIM 
et al., 1935), mammalian kidney (KREBS, 1935, BLANCHARD et al., 1944) and 
snakes (ZELLER and M A R I T Z , 1944) but their physiological role is rather obscure, 
as is the case with D-amino acid oxidase. The enzyme from rat kidney, first 
purified by BLANCHARD et al. (1945), was recently crystallized (NAKANO and 
DANOWSKY, 1966). Its low turnover number of 6.3 for L-leucine oxidation does 
suggest that its physiological role is different from simple L-amino acid oxida-
tion. According to NAKANO and DANOWSKY (1966) the enzyme might be iden-
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tical with an enzyme, catalyzing the oxidative deamination of thyroid hormones. 
The high rates of L-amino acid oxidation, found by KREBS (1935) in kidney 
homogenates does suggest that L-amino acid oxidation follows here another 
pathway, possibly via the transaminase L-glutamic dehydrogenase system 
(BRAUNSTEIN and BYCHKOV, 1939). 
The L-amino acid oxidase from Agkistrodon piscivorus snake venom has 
been purified by SINGER and KEARNEY (1950) and a crystallized preparation 
from Crotalus adamanteus venom was obtained by WELLNER and MEISTER 
(1960b). Because the latter enzyme was the main study object of this thesis, 
some more attention will be given here to this flavoprotein. 
The enzyme was found to contain 2 F A D groups per protein molecule, based 
on the molecular weight of 130,000 as determined by sedimentation analysis and 
flavin content (WELLNER and MEISTER 1960b, MEISTER and WELLNER, 1966). 
The enzyme preparation, although homogeneous in the ultracentrifuge, ap-
peared, unlike the Agkistrodon enzyme, to consist of three isozymes, which were 
separable on electrophoresis. Almost all studies have been done with the mixture 
of isozymes. The enzyme was also found to be a glycoprotein, containing 2 - 5 % 
carbohydrates (MEISTER and WELLNER, 1966). 
Until 1960 most investigations ware performed with crude snake venom pre-
parations. ZELLER and M A R I T Z (1944, 1945) made an extensive study of the 
substrate specificity and the inhibition pattern. They found that a great number 
of L-amino acids were oxidized with the exception of the basic and acidic 
amino acids and glycine. The relative specificity depended on the type of snake 
venom studied. Their findings were later confirmed and extended by SINGER and 
KEARNEY (1950) with the purified enzyme and by GREENSTEIN et al. (1953). In-
hibition was observed with excess substrate as well as with carboxylates and 
esterified amino acids. Due to the substrate inhibition, which depends on the 
amino acid studied (WELLNER and MEISTER, 1961), the specificity pattern may be 
different, because these experiments were all done at one substrate concentra-
tion. A similar criticism applies to experiments on the effect of ringsubstitution 
of phenylglycine on the velocity (RADDA, 1964) and to p H optimum curves, 
obtained by WELLNER and MEISTER (1960b) and PAIK and K I M (1965), as has 
been pointed out by KLEPPE (1966). 
Another interesting feature of this enzyme is the reversible inactivation phe-
nomenon, first studied by SINGER and KEARNEY (1951a, 1951b, 1951c). Inacti-
vation was found on incubation of the enzyme in water at 38°. From the effect 
of pH it was concluded that the active enzyme is in equilibrium with an inactive 
form, containing an acidic group with a dissociation constant about 2 p H units 
lower than in the active enzyme. Phosphate ions increased the extend of in-
activation, while Cl~ and other monovalent anions had a protective effect. The 
effect of C I - was interpreted by D U K E and WEISKOPF (1966) in terms of complex 
formation with the active enzyme, thus preventing the transition into the in-
active form. The inactivation is probably due to a small conformational change 
near the active center. The absorption spectrum of the inactivated enzyme was 
slightly shifted towards the blue, while small changes in the visible, but not in 
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the UV part of the ORD curve were observed (WELLNER, 1966). No effects on 
either the hydrodynamic or on the electrophoretic properties were found 
(SINGER and KEARNEY, 1951, WELLNER, 1966). Reversible inactivation was also 
found on freezing of the enzyme (CURTI et al., 1968). Though this reaction may 
lead to the same conformational change as found on heat inactivation, the 
effect of pH and ions is different. 
After the purification of the enzyme, WELLNER and MEISTER (1960a) described 
the formation of a spectrally recognizable species during the reoxidation of the 
reduced enzyme by oxygen. They considered this species first as a complex 
between the fully reduced enzyme and oxygen but later (WELLNER and MEISTER, 
1961) as a form of the enzyme in which half of the flavin was fully reduced and 
half of it fully oxidized. Because the spectrum pointed to the formation of a new 
species and not to that of a mixture of FAD and FADH2, WELLNER and 
MEISTER (1961) suggested that it could result from the interaction between the 
FADH2 and the FAD groups on the same molecule. This points to an interest-
ing question which has not yet been solved for flavoproteins, containing 2 FAD 
groups per protein molecule : are the flavin moieties independent or not? On the 
basis of their results, WELLNER and MEISTER (1961) proposed an ingeneous 
mechanism in which both flavins participate in the same catalytic center. On the 
basis of kinetic experiments at different oxygen concentrations they concluded 
that the inhibition by excess substrate was caused by reduction beyond the semi-
quinone level, in which case the reoxidation should be slower than with the 
semiquinone. This was later confirmed by DESA and GIBSON (1966) with stopped-
flow experiments. MASSEY and CURTI (1967) found however that the reoxidation 
of the fully reduced enzyme was much faster than the turnover number and 
suggested that the rate-limiting step was the dissociation of the enzyme-imino 
acid complex, in analogy with D-amino acid oxidase. The inhibition with excess 
substrate could then be caused by formation of a reduced enzyme-substrate 
complex, reacting slower with oxygen than either the free reduced enzyme or 
the semiquinone. Direct evidence for the existence of such a reduced enzyme-
substrate complex has never been obtained, however. 
Evidence against the interpretation of WELLNER and MEISTER (1960a) on 
their new intermediate was obtained by VEEGER et al., (1966) who found that it 
could be produced also by titration of the enzyme with dithionite, known to 
lead to the formation of the free semiquinone (MASSEY and GIBSON, 1964) and 
by illumination of the fully substrate-reduced enzyme in the absence of oxygen. 
In the latter case this species gave an EPR signal (DE KOK and VEEGER, 1967). 
This was confirmed by MASSEY and CURTI (1967) who showed that the free 
semiquinone was not concerned in the catalytic reaction. They proposed as an 
intermediate a complex between the semiquinone and an amino acid radical 
for which spectral evidence was obtained (see also VEEGER et al., 1966), the 
spectrum being dependent on the type of amino acid studied. In contrast with 
the free semiquinone, this species did not show an EPR signal, possibly due to 
pairing of the spins. 
This brings the mechanism of action very close to that of D-amino acid 
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SCHEME 1.2. Mechanism of action of L-amino acid oxidase as proposed by MASSEY and 
CURTI (1967). 
oxidase (MASSEY and GIBSON, 1964), the differences being possibly brought 
about by differences in the rate constants of the constituent reactions. The fol-
lowing scheme (1.2) summarizes the possible catalytic pathways as proposed by 
MASSEY and CURTI (1967). 
A completely different explanation of the substrate inhibition has recently 
been given by KOSTER and VEEGER (1968). From Arrhenius plots, relating log 
Pmax vs. 1/T they concluded the existence of an equilibrium between two forms 
of the enzyme with different affinities for the substrate and different overall 
rates. A higher affinity to the less active form would cause a shift of the equili-
brium to this form upon the addition of more substrate. In this connection, as 
well as with other kinetic experiments, it will be of interest to study the isozymes 
separately. 
At the time the research for this thesis began, the crystallization of the enzyme 
was described (WELLNER and MEISTER, 1960b) and one short communication 
about spectral work with this enzyme had appeared (WELLNER and MEISTER, 
1960a). The interest in spectral work with enzyme-inhibitor complexes of other 
flavoproteins, such as succinic dehydrogenase and D-amino acid oxidase 
(VEEGER et al., 1966) led to the investigations described in Chapter 2. 
The spectral 'intermediate' described by WELLNER and MEISTER (1960a) was 
also studied. It was found that the rate and extent of formation was much 
slower than described. As mentioned already, it was found that light stimulated 
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the formation considerably. The photochemical work with flavoproteins result-
ed in the isolation of a new flavin derivative, which is described in Chapter 5. 
The investigations, performed during a one year stay at the University of 
Illinois, in the laboratory of Dr. Gregorio Weber led to the results described 
in Chapter 3 and 4. Most of the experiments, described in Chapter 3, were done 
in collaboration with Dr. Allen B. Rawitch, who had just finished his thesis 
research on protein chemistry in the laboratory of Dr. Smith at UCLA. These 
investigations led to the formulation of the isozymes of L-amino acid oxidase in 
terms of different combinations of the two subunits of this enzyme. 
The fluorescence measurements were done in collaboration with Mr. R. 
Spencer, whose electronical ingenuity crystallized in the construction of a life-
time instrument (SPENCER and WEBER, 1968). The results of some measurements 
with this instrument on FAD, FMN and lipoamide dehydrogenase together 
with fluorescence yield and polarization measurements are discussed in Chapter 
4. 
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2. E F F E C T S OF pH A N D C O M P E T I T I V E I N H I B I T O R S 
ON L - A M I N O A C I D O X I D A S E 
2.1. I N T R O D U C T I O N 
With both the L- and D-amino acid oxidases, it has been concluded from various 
studies (ZELLER and MARITZ, 1945, 1966; SINGER and KEARNEY, 1951; RADDA, 
1964; MASSEY and GANTHER, 1965; HELLERMAN and COFFEY, 1967) that 
charged groups in the active center participate in the binding of the charged 
substrates and competitive inhibitors, such as benzoates, to the enzymes. 
SINGER and KEARNEY (1951) concluded from their study on the reversible in-
activation of L-amino acid oxidase, that a histidine, in conjunction with a 
charged aminogroup, might be involved in the binding process. HELLERMAN 
and COFFEY (1967) were able to show the participation of an s-aminogroup of 
lysine in catalysis with both D- and L-amino acid oxidases. Studies of DIXON 
and KLEPPE (1965) with D-amino acid oxidase have shown the participation of 
a group with a pÄ" value of 8.5 in the binding of substrate and inhibitor. 
Competitive inhibitors have been used successfully in the study of the active 
sites of enzymes, especially when the reaction of an enzyme with inhibitor could 
be observed directly by some means. This is the case with flavoproteins, where 
it has been shown that competitive inhibitors may cause changes in the absorption 
spectra of the enzymes (MASSEY and GANTHER, 1965; DERVARTANIAN and 
VEEGER, 1964, VEEGER et al., 1966). In the case of L-amino acid oxidase, these 
effects are discussed in this chapter, together with the influence ofpH on the 
spectrum of the enzyme and on the binding of inhibitors. This work has been 
published previously (DE KOK and VEEGER, 1968; VEEGER et al., 1966). 
2.2. M E T H O D S AND MATERIALS 
2.2.1. Preparation of the enzyme 
L-Amino acid oxidase was purified from dried Crotalus adamanteus venom, 
purchased from Sigma and Koch Light. The purification procedure was iden-
tical to that described by WELLNER and MEISTER (1960b). After one crystalli-
zation step, the enzyme was dissolved in 0.2 M KCl and stored at 0° in the dark. 
When not used within one month, the enzyme preparation was stored as a 
suspension in saturated (NH4)2S04 , in which case it was stable for months. 
Freezing of the purified enzyme led to inactivation {cf. SINGER and KEARNEY, 
1950). The purified enzyme had a specific activity at 38°, as measured mano-
metrically under the conditions specified by WELLNER and MEISTER (1960b) of 
16-21 /imoles L-leucine oxidized/min per mg protein. 
2.2.2. Spectrophotometry and spectrophotometry determination of dissociation 
constants (KD values) 
Absorption spectra were recorded in a Cary model 14 recording spectro-
photometer, thermostated at 25°, in cells with a 1 cm light-path. The difference 
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spectra were recorded with the 0-0.1 absorbance indicating slidewire. For ex-
periments which were carried out under anaerobic conditions, Thunberg spec-
trophotometer cuvettes were used. On these cuvettes a titration assembly could 
be attached. Anaerobic conditions were obtained by evacuation and refilling of 
the cuvettes with N2, freed from 0 2 by washing with alkaline pyrogallol solu-
tion. This procedure was repeated at least 5 times. 
The enzyme concentration was calculated from its absorption at 464 nm, 
usinga value of 11.3.103 M_ 1 . cm - 1 for the extinction coefficient of the enzyme-
bound FAD (WHITBY, 1953) and assuming 2 moles of FAD bound per mole of 
enzyme {cf. WELLNER and MEISTER, 1960b). 
For the determination of KD values, increasing amounts of inhibitor in 0.2 M 
Tris buffer were added to a constant amount of enzyme in the same buffer. 
Because of the dependence of the KD values on the pH (see below) K'D is used 
to indicate the KD value at one pH (in this case pH 7.4). Buffer solutions were 
added to the blank cuvette, containing the same amount of enzyme to correct 
for differences in the enzyme concentrations. After each addition the difference 
spectrum was recorded. Corrections were made for absorption of the inhibitor 
alone, if necessary, and for dilution caused by additions to the cuvettes. Con-
stant values of K'D were obtained, assuming a 1:1 complex with respect to FAD. 
The dissociation constants were calculated from 
([FAD] - [FADI]) ([I] - [FADI]) 
JVD = 
[FADI] 
in which [FAD] is total FAD concentration, [I] total inhibitor concentration 
and [FADI] the complex concentration calculated from ( A A/ /lAmax) X [FAD]. 
^ Amax is the maximum absorbancy difference obtained upon saturation of the 
enzyme with inhibitor. 
Most K'D values, thus obtained, were much higher than the FAD concen-
tration; thus the inhibitor concentration which gave half maximal changes in 
the absorption difference spectrum was also equal to the K'B value. 
The pH studies were done in a slightly different way. Titrations were perform-
ed with a series of 0.2 M Tris-maleate buffers, ranging from pH 5.0 to pH 9.4. 
At each pH increasing amounts of the inhibitor were added as neutralized un-
buffered solutions of the acid in water. Equivalent amounts of water were 
added to the blank cuvette, containing the enzyme in the same buffer. After the 
experiment the pH was checked with a Corning micro glass electrode. Small 
changes in the pH occurred only at the pH extremes and with the highest inhi-
bitor concentrations. The pH effect on the spectrum was studied with the same 
buffers. 
2.2.3. Manometric determination of inhibitor constants (Kt values) 
Inhibitor constants were determined manometrically at 25°. The reaction mix-
ture contained 150 ^moles KCl, 250 /mioles Tris HCl buffer (pH 7.4), L-leucine 
and inhibitor. The center well contained a folded filter paper, dipped in 0.1 ml 
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6 N NaOH. After an equilibration period of 10 min., the enzyme solution, 
containing 50 /imoles of KCl, was tipped in from the side arm. The enzyme 
concentration was chosen to give an 02 uptake between 2 and 6 /il/min. Using 
varying amounts of L-leucine in concentrations below those where substrate 
inhibition is observed (WELLNER and MEISTER, 1961) and one fixed concentra-
tion of inhibitor, the Kt values were calculated from double reciprocal plots, 
relating the initial velocity to the substrate concentration in the presence and in 
the absence of the inhibitor. All measurements were done in duplicate. 
2.2.4. Reagents 
The o-, m- and ^-substituted benzoates, DL-, D- and L-mandelic acid, 
/7-toluenesulfonic acid, benzoic acid, ^-chlorobenzenesulfonic acid, L-leucine 
and sodium maleate were obtained from the British Drug Houses. The substi-
tuted benzoates, when not analytical grade, were recrystallized from water. The 
aminobenzoic acids were purified with active charcoal. L-leucine was recrystal-
lized from water. a-Ketoisocaproic acid, DL-a-hydroxyisocaproic acid and 
orthanilic acid were used as supplied by Fluka. Tris, jß-phenylpyruvic acid and 
sodium pyruvate were from Sigma. The water used in preparing solutions was 
twice distilled in glass. 
2.3. RESULTS 
2.3.1. The reaction of L-amino-acid oxidase with competitive inhibitors 
ZELLER and MARITZ (1945) showed that several aromatic carboxylates and 
sulfonates were inhibitors of the oxidative deamination of L-amino acids, 
catalyzed by unpurified snake venom preparations. They could not find a 
Hammett relationship upon using ring-substituted phenylalanines as substrates 
(ZELLER and MARITZ, 1966), while RADDA (1964) found a non-linear Hammett 
plot upon using ring substituted phenylglycines at one substrate concentration. 
TABLE 2.1. Inhibitor constants determined kinetically with purified L-amino acid oxidase at 
25° and pH 7.4. 
These values, for some of which we thank Mr. H. Huttinga, were determined as 
described in Methods. 
Inhibitor Kt 
(mM) 
Inhibitor K, 
(mM) 
Benzoate 1.7 
o-Aminobenzoate 0.42 
m-Aminobenzoate 1.6 
p-Aminobenzoate 1.4 
o-Hydroxybenzoate 2.2 
m-Hy droxybenzoate 2.1 
p-Hydroxybenzoate 2.3 
o-Chlorobenzoate 1.0 
m-Chlorobenzoate 0.15 
p-Chlorobenzoate 0.70 
o-Fluorobenzoate 1.4 
m-Fluorobenzoate 0.37 
p-Fluorobenzoate 1.3 
o-Nitrobenzoate 0.86 
m-Nitrobenzoate 0.34 
p-Nitrobenzoate 2.3 
o-Mercaptobenzoate 1.0 
D-Mandelate 11.0 
L-Mandelate 11.0 
Orthanilate 1.2 
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With the purified oxidase from Crotalus adamanteus venom the inhibitor 
constants of a number of ring-substituted benzoates and some other compounds 
have been measured. These results are summarized in Table 2.1. 
If the variation of the Kt values is entirely due to a different degree of inter-
action between a positive charge on the enzyme and a negative charge on the 
inhibitor anion, neglecting complications due to steric effects, a linear relation-
ship between the Kt values and a for meta and para substitued benzoates, with 
a positive p value, would be expected, according to the Hammett relation (HAM-
METT, 1940). A Hammett plot for 10 m- and ^ -substituted benzoate derivatives is 
shown in fig. 2.1. Clearly the picture is more complicated than presented above. 
The general tendency is rather the opposite : a stronger binding occurs at higher 
a values, the nitro compounds behaving differently. The same results were 
recently obtained at 37° with the oxygen electrode system (KOSTER and VEEGER, 
1968), both with D-amino acid oxidase and L-amino acid oxidase. 
Changes in the absorption spectrum of the enzyme caused by the addition of 
these inhibitors also suggest that other interactions are introduced. Fig. 2.2A. 
shows the effects of DL-mandelate on the absorption spectrum of the enzyme. 
This compound causes a blue shift and a decrease of the shoulder at 490 nm. 
An increase in the extinction coefficient of the absorption maximum at 464 nm 
and a decrease at 390 nm are also observed. Thus the absorption difference 
spectrum shows two minima (Fig. 2.2B), one at about 500 nm and one at about 
400 nm. It is of particular interest that no difference was found between the 
-3.00 
• /J-OH • /»-NO, 
• w-OH 
t • benzoate 
• p-b 
>p-Cl 
• w-F 
• m-NO; 
-0.5 0 0.5 1.0 
FIG. 2.1. Test of the validity of the Hammett equation for the reaction of ring-substituted 
benzoates with L-amino acid oxidase. The a values were taken from HAMMETT (1940). 
The Kt values were taken from Table 2.1. 
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FIG. 2.2. The effect of DL-mandelate on the absorption spectrum of L-amino acid oxidase. 
The enzyme concentration was 15[xM, the inhibitor concentration was 0.1 M. 
Solutions were in 0.2 M Tris-HCl buffer (pH 7.4). A. , no addition; - - -, after 
addition of DL-mandelate. B. Difference spectrum from A. , enzyme with 
mandelate minus enzyme. 
effects of D- and L-mandelate on the absorption spectrum, nor on the Kt 
value. This may indicate that there is no interaction of the a-hydroxyl group 
with the enzyme. 
The effects on the absorption spectrum of the enzyme, described here in 
detail for mandelate, are found in general with most of the aromatic carboxyl-
ates studied. However, in many cases the changes in the absorption spectrum 
are quite small. Most of the inhibitors studied showed a somewhat larger effect 
on the 390-nm band than on the 460-nm band, while some (e.g. the chloro-
benzoates) showed almost no effect on the 460-nm band but influenced the 
390-nm band markedly (Fig. 2.3B). A very small red shift was observed with 
w-nitrobenzoate (Fig. 2.3A). No relation could be found between the magnitude 
of the K, value and the magnitude of the spectral effect. Two inhibitors showed 
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FIG. 2.3. The effect of competitive inhibitors on the absorption difference spectrum of L-
amino acid oxidase. The enzyme concentration was 15 ^ M, the inhibitor concentra-
tions were 0.1 M. All solutions were in 0.2 M Tris-HCl buffer (pH 7.4). A. , 
enzyme with p-nitrobenzoate minus enzyme; , enzyme with o-nitrobenzoate 
minus enzyme; , enzyme with wz-nitrobenzoate minus enzyme. B. , enzyme 
with /vchlorobenzoate minus enzyme; , enzyme with /«-chlorobenzoate minus 
enzyme; , enzyme with o-chlorobenzoate minus enzyme. 
exceptional difference spectra. In addition to the blue shift in the spectrum, the 
largest observed, o-aminobenzoate caused an absorption increase at wavelengths 
between 520 and 750 nm (Figs. 2.4A and B). This increase in absorption was 
not observed with any of the other substituted benzoates, listed in Table 2.1. 
o-Mercaptobenzoate caused a red shift directly after addition with a maximum 
in the difference spectrum at 510 nm and extending to 600 nm (Fig. 2.5). This 
difference spectrum changed, however, on standing, due to the slow reduction 
of the FAD. This is in contrast to the results obtained with o-hydroxybenzoate, 
which gives the usual stable blue shift. A comparatively fast initial reduction 
was observed after the addition of 10 /imoles of o-mercaptobenzoate to 0.055 
/imoles of enzyme under anaerobic conditions. After 16 hours an apparent 
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FIG. 2.4. The effect of aminobenzoates on the absorption spectrum of L-amino acid oxidase. 
The enzyme concentration was 15 [/.M, the inhibitor concentrations were 0.1 M. All 
solutions were in 0.2 M Tris-HCl (pH 7.4). A. , no addition ; —, after addition 
of o-aminobenzoate. B. Difference spectra. , enzyme with o-aminobenzoate 
minus enzyme; , enzyme with m-aminobenzoate minus enzyme; , enzyme 
with p-aminobenzoate minus enzyme; . . . , enzyme with benzoate minus enzyme. 
equilibrium was reached at 42% reduction. The further addition of another 
10 /imoles of o-mercaptobenzoate did not appreciably effect the spectrum. The 
subsequent addition of leucine reduced the enzyme completely, while after re-
oxidation the original spectrum of the complex was restored. It is not known 
what kind of mechanism this reaction may represent. The red shift may be due 
to the formation of a semiquinoid species. A similar type of reaction has been 
observed with D-amino acid oxidase (KOSTER and VEEGER, unpublished results). 
In contrast with D-amino acid oxidase (MASSEY and GANTHER, 1965), no 
spectrally detectale complexes were found with aliphatic carboxylates, including 
a-oxo and a-hydroxy acids. No spectral effects were found with D-amino acids 
and aromatic sulfonates such as />-toluenesulfonate and /j-chlorobenzenesul-
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FIG. 2.5. The effect of competitive inhibitors on the absorption spectrum of L-amino acid 
oxidase. The enzyme concentration was 15 [J.M, the inhibitor concentrations were 
0.1 M. The solutions were in 0.1 M Tris-HCl (pH 7.4). , enzyme with o-mer-
captobenzoate minus enzyme, directly after the addition of inhibitor; , same after 
15 minutes (aerobic conditions) ; — , enzyme with o-hy droxybenzoate minus enzyme. 
fonate, though it has been reported that sulfonates inhibit the enzyme (ZELLER 
and MARITZ, 1945). o-Aminobenzenesulfonate, however, caused the usual blue 
shift of the spectrum and is a relatively good inhibitor (Kt = 1.2 mM). 
Though there is no correlation between the magnitudes of spectral effects and 
inhibitor constants, a good correspondence was found between the Kt values, 
determined kinetically and the K'D values, determined by spectral titration of 
the enzyme with inhibitor (Table 2.2). The determination of Kt and K'D for 
o-aminobenzoate is illustrated in figure 2.6. The time-dependent changes, ob-
served with o-mercaptobenzoate, together with some turbidity, observed in this 
case at the highest inhibitor concentrations, are responsable for inconsistent 
values of K'D. With many of the other inhibitors the spectral changes were 
either too small to give meaningful results or saturation of the enzyme could 
not be achieved. 
If it is assumed that only one molecule of inhibitor reacts reversibly with each 
site on the enzyme, the sites reacting independently and identically, the equation : 
FAD + I ^ FADI 
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TABLE 2.2. Comparison of inhibitor constants, determined kinetically, and dissociation con-
stants determined spectrophotometrically 
Inhibitor Kt K'D 
(mM) (mM) 
o-Aminobenzoate 
o-Hydroxybenzoate 
Orthanilic acid 
o-Mercaptobenzoate 
DL-Mandelate 
0.42 
2.2 
1.2 
1.0 
11.0 
0.80 
1.2 
0.90 
4.9 
4.3 
may be used to calculate the dissociation constant. The use of this equation led 
to the most constant values at the different inhibitor concentrations. Because of 
the high dissociation constants found, making equilibrium dialysis impractical, 
and the difficulty of working at much higher enzyme concentrations, no in-
formation could be obtained about the actual number of inhibitor molecules 
bound per enzyme molecule. 
2.3.2. Effect of pH on the visible absorption spectrum of the enzyme and on the 
reaction with inhibitors 
A small but reproducable effect of the pH on the absorption spectrum of the 
enzyme was found (Figure 2.7). From pH 5.0 to pH 7.4, the long-wavelength 
edge of the 460-nm band shifted to the blue, while some increase in absorption 
occurred near 475 nm, resulting in the formation of a slight shoulder at neutral 
pH. The effect of pH on the 390-nm band was negligible. The midpoint of this 
reversible shift was near pH 6.1. Above pH 8.0 a slow additional blue shift took 
place which was complete after about 2 hours at pH 8.6 and 25° and after about 
20 minutes at pH 9.3 at the same temperature. The effect on the 390-nm band 
was again rather small, but the long-wavelength side of the 460-nm band shifted 
5-6 nm, resulting in a decrease of the resolution of this band (Figure 2.7). This 
shift resulted in the inactivation of the enzyme, which at this stage of investig-
ation appears irreversible. The FAD remained bound to the enzyme as judged 
from the absorbance at 390 nm and the absence of fluorescence. The enzyme was 
almost completely protected in the presence of 1 mM o-aminobenzoate. These 
effects, as described here for Tris-maleate buffers, were also found in pyrophos-
phate and in the presence of Cl^ (see SINGER and KEARNEY, 1949). Upon re-
versible inactivation of the enzyme as described by SINGER and KEARNEY (1949), 
the same blue shift was observed (cf. WELLNER, 1966). 
The concentration of the enzyme-inhibitor complexes was found to be de-
pendent on the pH of the reaction mixture. At high inhibitor concentrations the 
enzyme remained saturated with inhibitor down to pH 5.0. Curves which show 
the change in concentration of the L-amino acid oxidase-o-aminobenzoate 
complex with pH at six different o-aminobenzoate concentrations are shown in 
figure 2.8. The decline at high pH is caused by the inactivation reaction, men-
tioned above: a slow decrease in the absorption near 500 nm in the blank, 
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FIG. 2.6. A. Determination of the dissociation constant (K'D) of the L-amino acid oxidase-
o-aminobenzoate complex by spectral titration. The enzyme concentration was 
22 (xM. Solutions were in 0.2 M Tris-HCl (pH 7.4). Temp., 25°. B. Determination 
of the inhibitor constant (K,) of o-aminobenzoate at 25° and pH 7.4 by the Line-
weaver-Burk plot. The enzyme concentration was 0.2 (xM, the inhibitor concen-
tration was 1 mM. • - • - • without inhibitor added; - O - O - , with inhibitor. 
which is prevented by the presence of the inhibitor in the reaction cuvette, 
resulting in an apparent decrease in the concentration of enzyme-inhibitor 
complex. It was impossible to make adequate corrections for this effect, 
because it is determined by two inactivation rates, one in the blank and the 
other in the reaction cuvette, which is slowed down as inhibitor is added. How-
ever, from the curve at the highest inhibitor concentration it can be concluded, 
that this process is only important above pH8.2. Therefore only the maxima of 
the curves with 0.20 and 0.78 mM inhibitor might be too low. On the other 
hand, the points of these curves were the first to be determined after mixing the 
enzyme with buffer. Due to the slow reaction below pH 8.6 (smaller than 0.01 
absorption unit per 30 min, the time of one complete titration), we do not expect 
a large effect on these maxima either. This is substantiated by the fact that the 
pKa values, calculated from the curves (see below) are nearly the same for all 
curves. 
On the acid side, the titration curves show rather long tails. A reflection of 
this behaviour is also found with pH curves at different leucine concentrations 
(cf. KLEPPE and DIXON, 1966) and may be related to the shift in the spectrum 
observed between pH 5.0 and pH 7.4 (see Discussion). Though less precisely 
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FIG. 2.7. The effect of pH on the visible absorption spectrum of L-amino acid oxidase. The 
enzyme concentration was 19 (J.M. Solutions were in 0.2 M Tris-maleate buffers. 
Temp., 25°. , spectrum of the enzyme at pH 7.4; , spectrum at pH 5.0; 
-•--.-, spectrum at pH 9.3 after 20 minutes incubation. 
determined, the same effects were observed with DL-mandelate and o-hydroxy-
benzoate. 
A plot of the dissociation constants vs. pH is shown in figure 2.9. A minimum 
K'D of 0.24 mM was found at pH 8.6. If it is assumed that the decline in the 
concentration of the enzyme-inhibitor complex is due to the protonation of a 
group in the free enzyme (the inhibitors have pK„ values below 5.0), the ap-
parent pKa of this group can be calculated from the pH at the midpoint of the 
titration curves. Furthermore, it was assumed in the derivation of the equation 
that, due to the fact that two identical FAD groups are present per molecule, 
two protonations on identical sites are involved. From the equilibria 
E + I KJ EI 
E + H + 5"EH+ 
in which [E] is the site concentration, it is clear that 
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FIG. 2.8. The effect of pH on the concentration of the L-amino acid oxidase-o-aminobenzoate 
complex. The enzyme concentration was 13 [/.M. 0.2 M Tris-maleate buffers were 
used. - y - Y - , with 0.20 mM o-aminobenzoate; -V-V -, with 0.78 mM o-amino-
benzoate; - O - O - , with 2.1 mM o-aminobenzoate; - A- A-, with 4.2 mM o-amino-
benzoate;-A-A-, with 8.7 mM o-aminobenzoate; - • - • - , with 54 mM o-amino-
benzoate. Temp., 25°. The experiment was done twice, the values given are averages. 
FIG. 2.9. The effect of pH on the dissociation constant of the L-amino acid oxidase-o-amino-
benzoate complex. The values were calculated from Figure 2.8. 
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KD_ [E] 
[I] CEI] 
At the midpoint (mp) if the titration curve, half of the total EI and half of the 
E are converted into EH+, thus 
[EH + ] m p = [E]m p + [EI]mp 
[EH+]mp = [E]mp (l + 01) 
\ KD/ 
[ E ] » P 1 
[EH + ] m p t + ra 
KD 
Substituting: 
_ [E] [ H + ] 
" [EH + ] 
leads via 
g _ [H ] m p 
KD 
to 
pKa = pHmp + log 
V KDJ 
In which KD is the dissociation constant for the unprotonated enzyme. Using 
the value of 0.24 mM for KD, the pKa values calculated are 7.79; 7.79; 7.83; 
7.77 and 7.54 (increasing inhibitor concentrations). The existence of species like 
EIH+ cannot be excluded by these experiments. On the other hand we have no 
evidence for the presence of such a form, since the positions of the maxima and 
minima in difference spectra are not pH dependent (see Discussion). 
2.4. DISCUSSION 
Inhibition studies with L-amino acid oxidase (ZELLER and MARITZ, 1945) 
have shown that an aromatic ring, coupled with an anionic or cationic group is 
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a requirement for inhibition of this enzyme. It was found that this charged 
group could be a carboxylate, a sulfonate or an amino acid ester. The present 
studies show that aromatic carboxylates, but not sulfonates and aliphatic 
carboxylates, influence the spectrum of the enzyme. 
With D-amino acid oxidase, similar, but less stringent, requirements for 
spectral effects were found (MASSEY and GANTHER, 1965, VEEGER et al., 1966). 
With this enzyme, aromatic carboxylates also give the most effective inhibition, 
with large, but unrelated, spectral effects, while sulfonates failed to bring about 
such effects. Aliphatic carboxylates, though less effective, also gave pronounced 
changes in the spectrum. Acid or basic amino acids as well as dicarboxylate 
inhibitors failed to combine with either enzyme (ZELLER and MARITZ, 1945, 
MASSEY and GANTHER, 1965), unless the charges are separated by a large 
number of atoms (MASSEY and GANTHER, 1965) or one of the charges is neu-
tralized (ZELLER and MARITZ, 1945). 
These effects have been explained as due to interactions between dissimilar 
charges, or, with the higher charged molecules, to repulsion of similar charges. 
The requirement for aromaticity suggests the presence of a second binding 
center with inhibitors, while substrates must have at least three binding centers 
to meet the requirements for stereospecifity. We would like to call all these 
interactions primary interactions to distinguish them from possible secundary 
changes brought about by these primary interactions in the protein (i.e. con-
formational changes (KOSTER and VEEGER, 1968), breakage or formation of 
hydrogen bonds (MASSEY and GANTHER, 1965), or changes in the structure of the 
internal complex of FAD (WEBER, 1966). 
With reactions of aromatic systems, the Hammett relation is used to relate 
the effect of charge density on the reaction center at hand to the rate or equili-
brium constant of such reactions (HAMMETT, 1940, JAFFÉ, 1953). This relation 
may be expressed for this particular application as : 
log K, = ap + log K°\ 
in which Kt and K", are the inhibition constants, respectively, for the substituted 
and unsubstituted benzoate. a represents the ability of the ring substituent to 
attract or repel electrons and p is a measure of the sensitivity of the reaction 
series at hand to a change in charge density at the reaction center. 
A linear relationship is only obtained with a single reaction center in the 
molecule with the assumption that no steric effects are introduced by the ring 
substituents. This presents a serious limitation in the application of this relation 
to biological systems (cf. JAFFÉ, 1953). Nevertheless this relation may be used 
to give an indication of such multiple interactions. 
With D-amino acid oxidase, a good linear relationship was reported with 
substituted benzoates up to a — + 0.5, whereas the nitro compounds showed a 
completely different behaviour (KOSTER and VEEGER, 1968). With L-amino 
acid oxidase the plot is much less ideal, but the same tendency is observed : the 
binding becomes stronger at higher values (negative p value), while again the 
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nitro compounds behave differently. For an interaction of a negatively charged 
inhibitor molecule with a positive group on the enzyme, a positive p value is 
expected: an electron donating group facilitates the binding. We would con-
clude therefore that another interaction with a negative p value plays a more 
important role in the binding process. This may well be an interaction of the 
nucleus of the aromatic inhibitor with an electropositive group in the enzyme, 
such as isoalloxazine or histidine. Histidine has been suggested as a good can-
didate for the binding of the charged amino group of the substrate (SINGER and 
KEARNEY, 1951). It may well be that the imidazole ring system as a whole is 
also concerned in the binding of the inhibitors. The linearity of the Hammett 
plot suggests that such an interaction is more important in D-amino acid 
oxidase than in L-amino acid oxidase, where both interactions may have the 
same order of magnitude. An explanation of the different behaviour of the 
nitrocompounds may be due to the strong electron-withdrawing properties of 
the nitro-group, resulting in a di-anionic structure. The enzymes would have 
less affinity for such a structure (cf. the reaction with dicarboxylates). 
Because there is evidence that secondary reactions in the proteins also take 
place (MASSEY and GANTHER, 1965, KOSTER and VEEGER, 1968), there may be 
some doubt as to the validity of these assumptions. The measured Kt values 
represent the total change in the free energy of the system on addition of the 
inhibitor. The Hammett relation would still be valid if the change in free energy, 
caused by these other reactions is constant or proportional to the a values. 
The spectral changes observed here cannot be related directly to changes in 
ground state interactions. Our knowledge about the transitions which occur in 
the visible region of the absorption spectrum of FAD is inadequate for this. 
Some quantum mechanical calculations have been made for the isoalloxazine 
system (GRABE, 1964, PULLMAN and PULLMAN, 1963), but these are still too 
approximate to account even for the Amax of the lowest energy absorption bands. 
At this time, however, the spectral changes, observed when the FAD is 
bound to the apoprotein or when inhibitors are added to the holoenzyme, can 
be related to similar changes observed when a model compound is subjected to 
known environmental changes. This work has been initiated by HARBURY et al 
(1959), who studied the effect of solvent polarity on the spectrum of 3-methyl-
lumiflavin. However, their results cannot be related directly to protein-bound 
FAD, because the FAD in a protein may be involved in both nonpolar and 
polar interactions (H-bond formation) at the same time. Another interaction, 
which may be of importance here, as pointed out by WEBER (1966), is a change 
in the structure of the internal complex of adenine and isoalloxazine, in which 
water seems to play an important role. 
Inhibitors with a completely different electronic structure cause the same 
spectral shifts in each enzyme, while inhibitors with the same electronic ar-
rangement cause different spectral effects in the two enzymes. It is unlikely 
therefore that a direct interaction occurs between the inhibitor and the FAD, at 
least to the extent that the observed spectral changes are entirely due to such 
interaction. However, the spectral changes found with o-aminobenzoate which 
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are similar in both enzymes, may be caused by such direct interaction and pro-
bably reflect a partial electron transfer, either in the ground state complex or in 
the excited state (charge-transfer complex). 
MASSEY and GANTHER (1965) interpreted the spectral effect of inhibitors in 
D-amino acid oxidase as being due to the abolition of hydrogen bonding between 
a charged amino group and one of the carbonyl oxygens of FAD. However, a 
binding constant of 10 - 6 M - 1 requires a decrease in free energy of about 8 
kcal/mole at room temperature, whereas the abolition of hydrogen bonding 
increases this amount by about 4 kcal/mole. A decrease of about 12 kcal/mole 
would then be required from other interactions. The question is therefore left 
open as to what extent the abolition of hydrogen bonding to the flavin contri-
butes directly to the overall change in the spectrum, whereas it is reasonable to 
assume that the major effects are due to the influence of conformational changes 
in the protein (cf. KOSTER and VEEGER, 1968b). 
It has been shown recently (MASSEY and CURTI, 1967, KOSTER and VEEGER, 
1968b) that the catalytic mechanisms of D-amino acid oxidase and L-amino 
acid oxidase are closely related. Furthermore the phenomenon of substrate 
inhibition could be explained in terms of temperature dependent conformational 
changes in both enzymes (KOSTER and VEEGER, 1968b). These studies show that 
the spectral effects observed upon the addition of certain competitive inhibitors, 
although different in magnitude and direction of the shifts, are probably based 
on the same phenomenon, e.g. changes in environment upon binding (MASSEY 
and GANTHER, 1965, VEEGER et al, 1966). Again the close relationship between 
these enzymes, isolated from completely different species is obvious. 
The effect of pH on the spectrum of L-amino acid oxidase will need further 
study. The reversible shift, found at low pH, may be related to the tailing, ob-
served in the titrations with inhibitors. This tailing effect is also observed in the 
pH vs. activity curves (KLEPPE and DIXON, 1966). It may reflect a conformation-
al change in the enzyme and also be related to the reversible inactivation 
process, whose pH dependence is in this region (SINGER and KEARNEY, 1951). 
A direct effect (i.e. a red shift occurring in the free enzyme but not in the com-
plex, thus causing a relatively increased absorption when going to lower pH) is 
unlikely due to the linearity of the curve with excess inhibitor (Figure 2.8). 
The group necessary in the free enzyme for the binding of the inhibitor has an 
apparent pKa value of 7.8. This may be the pA" value of the electropositive group 
to which the inhibitor nucleus is thought to be bound or any other group in the 
protein, whose ionization indirectly affects the binding. The pKa of histidine in 
this region is very sensitive to environmental changes, as has been pointed out 
by SINGER and KEARNEY (1951). It may well be that a conformational change 
causes the relatively higher binding constants at low pH. Although no evidence 
was obtained in these studies for the existence of EIH+, the presence of such a 
species with a much higher dissociation constant may provide another expla-
nation for the tailing observed at the acid side of the titration curve. 
The irreversible shift at high pH may be related to the ionization of the N-3 
of isoalloxazine, as described by MASSEY and GANTHER (1965). The slow ir-
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reversible reaction may then be caused by the abolition of a previously existing 
hydrogen bond between N-3 and the enzyme. However, spectral changes in the 
near ultraviolet, as found by MASSEY and GANTHER (1965) were not observed 
here. 
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3. D I S S O C I A T I O N A N D C H A R A C T E R I Z A T I O N O F T H E 
S U B U N I T S O F L - A M I N O A C I D O X I D A S E 
3.1. INTRODUCTION 
As in the case of other flavoproteins such as glucose oxidase (EC 1.1.3.4), 
lipoamide dehydrogenase (EC 1.6.4.3) and D-amino acid oxidase (EC 1.4.3.3) 
where two flavins per molecule of enzyme have also been found, the possibility 
of interaction between the two F A D moieties of L-amino acid oxidase during 
catalysis has been discussed (WELLNER and MEISTER, 1961 ; WELLNER and 
MEISTER, 1966; MASSEY and CURTI , 1967; DE K O K and VEEGER, 1968). While 
some spectral evidence has appeared which might suggest the possible role of an 
F A D - F A D H 2 interaction during enzymatic catalysis, recent studies by MASSEY 
and CURTI (1967) and bij DE K O K and VEEGER (1967) have attributed this spectral 
intermediate to a semiquinoid species of F A D and suggest independence of the 
F A D moieties. From a catalytic point of view, the enzyme may therefore be 
considered to consist of two identical and independent active sites. 
Because two similar F A D containing enzymes, D-amino acid oxidase and 
lipoamide dehydrogenase, have been reported to consist of a pair of homolo-
gous or identical polypeptide chains (MASSEY et al, 1962; KOTAKI et al, 1967), 
this has been suggested by KOTAKI et al., as a characteristic of this group of 
flavoproteins. Because in these cases an apparent dissociation to subunits was 
observed when the apoproteins were prepared, these authors suggest that F A D 
is the cementing force between the subunits. The existence of interchain disulfide 
bridges suggested by MASSEY et al (1962) for lipoamide dehydrogenase has 
recently been questioned (VISSER and VEEGER, 1968). On the other hand 
SWOBODA (1967) has shown that upon preparation of the apoenzyme of glucose 
oxidase, the decrease in sedimentation rate is not due to dissociation, but rather 
to a large conformational change in the enzyme. In the present chapter L-amino 
acid oxidase is studied under dissociating conditions both with and without 
prior reduction and alkylation. Information concerning the degree of homology 
between the peptide chains of this enzyme has been obtained from peptide 
mapping of a tryptic digest of reduced and S-carboxymethylated L-amino acid 
oxidase and from amino terminal studies. A quantitative analysis of the amino 
acids and the carbohydrates in this glycoprotein and a study of the state of 
oxydation of the half-cystine residues have also been carried out. The nature of 
the three electrophoretic bands observed in the native enzyme has been clarified. 
Some differences between the two kinds of polypeptide chains of L-amino acid 
oxidase have been demonstrated. This work has been published elsewhere (DE 
K O K and R A WITCH, 1969). 
3.2. EXPERIMENTAL PROCEDURES 
3.2.1. Materials 
Dried Crotalus adatnanteus venom was obtained from Sigma Chemical 
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Company. Guanidine hydrochloride was obtained from J. T. Baker Company. 
TPCK-treated trypsin1 was obtained from Worthington Biochemical Corp. 
Neuraminidase (purified from Vibrio cholerae) was obtained from General 
Biochemicals. Iodoacetic acid, sodium salt, was obtained from Eastman Or-
ganic Chemicals. Glass distilled water was used throughout. 
3.2.2. Enzyme preparations 
L-Amino acid oxidase was prepared from dried venom of Crotalus adaman-
teus according to the method of WELLNER and MEISTER (1960b). The once 
recrystallized enzyme was stored either as a concentrated solution in 0.2 M KCl 
at 0°C, as a precipitate under ammoniumsulfate, or as freeze-dried material. 
Isozyme A was obtained in pure form by means of preparative disc electro-
phoresis at pH 8.6 on a commercial apparatus (Shandon Scientific Company, 
London). The gel column consisted of a 12 cm lower section of 5% gel and a 
2 cm upper section of 3 % gel, both in 0.03 M glycine, pH 8.6. The electro-
phoresis buffer was 0.09 M glycine buffer, pH 8.6. The gel column was prerun 
for 1 hour to eliminate polymerization catalysts. The sample was applied in 
0.1 M KCl and the gel cooled to 4°C during the run. The elution buffer was 
0.1 M Tris HCl, pH 7.4. 
3.2.3. Starch gel electrophoresis 
Starch gel electrophoresis was carried out in a horizontal apparatus as de-
scribed by CARSTEN and PIERCE (1960). Runs were in either Tris-HCl, pH 8.0 or 
in sodium glycinate, pH 9.4 for periods off from 8 to 18 hours and at a potential 
of 11 volts per centimeter. The gels were stained for 3 minutes with Amido 
Black (Schwartz Biochemicals, Orangeburg, New York), destained by washing 
with a methanol, acetic acid, water mixture, 5 volumes, 1 volume, 5 volumes, 
respectively. 
3.2.4. Disc electrophoresis 
Polycrylamide disc electrophoresis was performed in a commercial apparatus 
(Acrylophor, Pleuger, Netherlands). Gels were made from Cyanogum 41 (EC 
Apparatus, Philadelphia) in 0.03 M glycine buffer, pH 9.0 both in the presence 
and absence of 8 M urea and 0.5% jß-mercaptoethanol. The gels were stained 
with Amido Black, destained electrically and scanned in a densitometer (Photo-
volt Corp., New York, modified to a slit width of 0.05 mm). The densitometer 
patterns were used to estimate the relative amounts of each component present. 
3.2.5. Reduction and alky lat ion 
Small amounts of L-amino acid oxidase (10-40 mg) were reduced and alkyl-
ated with iodoacetic acid as described by CRESTFIELD et al (1963) and dialyzed 
against distilled water for 12 hours followed by dialysis against 2 changes of 
1
 The trypsin was treated with L-l-tosylamido-2-phenylethyl chloromethyl ketone as 
described by KOSKA and CARPENTER (1964) in order to minimize cleavage due to chymo-
trypsin. 
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2 liters of 0.5% ammonium bicarbonate. Material for physical studies was then 
recovered by lyophilization while that for peptide mapping was maintained in 
the ammonium bicarbonate solution and the tryptic digestion carried out imme-
diately. 
3.2.6. Tryptic digestion and peptide mapping 
Tryptic digestion of the reduced and alkylated protein was as previously 
described (RAWITCH et al., 1968) in 1 % ammonium bicarbonate with 2 mg of 
TPCK-treated trypsin per 100 mg of protein added initially and an equal 
quantity added after 2 hours. The digestion was terminated after 4 hours by 
freezing and the material recovered by lyophilization. A small amount of the 
freeze dried peptide mixture (3-4 mg) was dissolved in 0.05 ml of 50% acetic 
acid and spotted on a sheet of Whatman 3 MM chromatography paper (46 X 
57 cm) and descending chromatography initiated immediately with the system 
butanol, pyridine, acetic acid, water (15:10:3:12). The chromatography was 
allowed to proceed until the solvent front reached the bottom of the paper, 
approximately 16 hours, and the paper was air dried for several hours. High 
voltage electrophoresis was carried'out in the second dimension atpH6.4 in a 
pyridine, acetic acid, water system (10:0.4:90) for 55 minutes at 40 volts per 
cm. Several replicate peptide maps were prepared in order to facilitate the 
detection of peptides containing specific amino acids. Peptides were revealed 
by dipping the maps in either cadmium-ninhydrin reagent (ATFIELD and 
MORRIS, 1961) or collidine-ninhydrin reagent (CANFIELD and ANFINSEN, 1963). 
Peptides containing arginine were identified by spraying with a modified 
Sakaguchi reagent, those containing tryptophan were revealed by the Ehrlich 
reaction. Tyrosine and histidine containing peptides were identified by the Pauly 
reaction (EASLEY, 1965). 
3.2.7. Carbohydrate analysis 
Neutral sugars were determined by hydrolysis and gaschromatography of 
alditol acetate derivatives as described by KIM et al (1967). Amino sugars were 
determined after hydrolysis in 6 N HCl for 4 hours at 100°, by ion-exchange 
chromatography on the 50 cm column of a Spinco Model 120 C amino acid 
analyzer. Sialic acid was determined by the method of WARREN (1959). Sialic 
acid was removed from the intact protein with neuraminidase as described by 
SPIRO (1962). Analysis of the enzyme after neuraminidase treatment indicated 
over 90 % removal of sialic acid. 
3.2.8. End-group analysis 
Amino terminal studies were carried out according to the method of STARK and 
SMYTH (1963) including a step to eliminate pyrrolidone carboxylic acid. The 
carbamylation was carried out in 6 M guanidine hydrochloride. A protein 
control was subjected to identical treatment but with no cyanate addition. 
Quantitation was by amino acid analysis on a Spinco Model 120 C amino acid 
analyzer. 
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3.2.9. Amino acid analysis 
Hydrolysis of protein samples was carried out in the following manner. 
Hydrolysis vials were prepared from thick walled pyrex glass tubing and washed 
with concentrated nitric acid followed by multiple washings in deionized and 
finally glass distilled water. Protein samples of 1-2 mg were weighed into the 
dried vials and 2 ml of 6 N HCl (prepared by diluting a fresh bottle of reagent 
grade concentrated HCl 1:1 with glass distilled water) was added to each vial. 
The vials were frozen in an ethanol-dry ice bath, carefully evacuated, and sealed 
under high vacuum as suggested by CRESTFIELD et al. (1963). Hydrolysis was 
carried out at 110° for periods of 22, 48 of 72 hours. Cysteine plus cystine and 
methionine were determined after performic acid oxidation as described by 
HIRS (1956). The HCl was removed on a rotary evaporator, a small amount of 
water was added and the samples redried. The hydrolysates were then redis-
solved in citrate buffer, pH 2.2 and stored frozen until the amino acid analyses 
could be carried out. Tryptophan was determined by the method of SPIES and 
CHAMBERS (1949). 
3.2.10. Sedimentation analysis « 
Sedimentation equilibrium experiments were carried out on a Spinco Model E 
analytical ultracentrifuge equipped with interference optics and an electronic 
speed control. Measurements of the molecular weight of both the native and 
dissociated enzyme were obtained by the high speed equilibrium method of 
YPHANTIS (1963). A rotor speed of 12,590 r.p.m. was used for the native enzyme 
and a speed of 22,000 r.p.m. was used for the dissociated form of the enzyme. 
The protein concentrations employed were in the range of 0.25-1.0 mg/ml. 
Interference plates were analyzed by reading half fringes on a Gaertner micro-
comperator (Gaertner Scientific Corp., Chicago, Illinois). The partial specific 
volume used for calculations of experiments both in the presence and absence of 
guanidine hydrochloride was that given by WELLNER and MEISTER (1966), 
0.733 cm3/gm. Apparent weight average molecular weights were calculated 
from the slope of a plot of log c versus (radius)2 as suggested by YPHANTIS (1963), 
where the concentration, c, was expressed in fringe increments and the radius 
was in centimeters from the axis of rotation. No detectable change in the fringe 
distribution after an additional 24 hours of centrifugation was used as a crite-
rion for the attainment of equilibrium. 
3.3. RESULTS 
3.3.1. Amino acid and Carbohydrate analysis 
Amino acid composition data obtained on the enzyme preparation and on 
pure isozyme A are shown in Table 3.1. The data obtained for the enzyme con-
taining all three isozymes are in reasonable agreement with the values reported 
earlier by WELLNER and MEISTER (1966), but with a slightly lower recovery in 
the weight of amino acid residues/mg of protein and lower quantities of half-
cystine. We have also determined that this enzyme contains 12-14 residues of 
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TABLE 3.1. The Amino Acid and Carbohydrate Composition of L-Amino Acid Oxidase 
Lysine 
Histidine 
N H 3 
Arginine 
Aspartic acid 
Threonine 
Serine 
Glutamic acid 
Proline 
Glycine 
Alanine 
Cystine/29 
Valine 
Methionine* 
Isoleucine 
Leucine 
Tyrosine 
Phenylalanine 
Tryptophan" 
N-acetyl glucosamine" 
Fucose" 
Mannose" 
Galactose" 
Sialic acid" 
FALT 
Weight recovery 
Isozymes A, B and C 
g/100 g protein" 
7.5 
2.5 
1.0 
7.9 
8.8 
5.2 
4.0 
10.0 
3.3 
3.2 
4.1 
1.3 
4.1 
2.0 
5.6 
6.1 
6.9 
6.8 
2.0 
1.7 
0.4 
1.6 
1.2 
0.4 
1.2 
99.2 
residues/mole'' 
75.7 
27.1 
81.0 
65.4 
100.0 
67.2 
59.3 
100.5 
44.3 
72.2 
75.6 
16.5 
53.7 
15.9 
64.8 
69.8 
55.4 
59.8 
14.2 
11.1 
3.3 
12.7 
9.5 
2.0 
2.0 
Isozyme A 
g/100 g protein 
7.2 
2.5 
n.d. 
7.4 
8.8 
4.3 
3.9 
10.0 
3.3 
3.0 
4.1 
1.1 
3.8 
2.0 
5.1 
6.3 
6.5 
5.7 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
residues/mole" 
73.1 
27.1 
n . d / 
61.1 
100.0 
55.2 
584 
100.8 
44.8 
67.2 
75.2 
14.4 
48.8 
16.0 
58.4 
72.0 
51.2 
49.6 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
Determined separately as described in the text. 
Average or extrapolated values of the data obtained from 3 hydrolysates with hydrolysis 
times of 22, 48 and 72 hours. Values were corrected for moisture content of the sample. 
Taken from WELLNER and MEISTER (1966). 
The molecular weight assumed was 135,000. 
Average or extrapolated values of the data obtained from 2 hydrolysates with hydrolysis 
times of 22 and 72 hours. 15 % moisture was assumed in the calculations. 
Not determined. 
Determined as oxidized derivatives after performic acid oxidation in the case of the mixture 
of isozymes. Determined as half-cystine in the case of isozyme A. 
tryptophan per mole. Carbohydrate analysis revealed 3-4 residues of fucose, 
13 residues of mannose, 9-10 residues of galactose, 2 residues of sialic acid and 
11 residues of glucosamine (assumed to be present as N-acetyl glucosamine). 
Alkylation of the enzyme in 8 M urea without reduction revealed 4 residues of 
S-carboxymethylcysteine after acid hydrolysis. It may thus be concluded that of 
the half-cystine residues shown in amino acid analysis, 4 are found as cysteine 
in the enzyme and the remaining 12 or 13 are either involved in intrachain 
disulfide bridges or are not accessible to iodoacetic acid under these conditions. 
28 Meded. Landbouwhogeschool Wageningen 70-1 (1970) 
While the amino acid composition of isozyme A differs slightly from that of the 
mixture of isozymes with respect to a few amino acids, the overall analysis 
were quite similar (Table 3.1). The large difference in arginine content between 
isozyme A and the mixture of isozyme A, B and C reported recently by WELLNER 
and HAYES (1968) was not observed. 
3.3.2. Physical Properties 
Sedimentation equilibrium studies on the native L-amino acid oxidase indi-
cated a molecular weight of 130,000-140,000 (Fig. 3.1). In the presence of 6 M 
guanidine hydrochloride at pH 7.0, dissociation of reduced and S-carboxy-
methylated L-amino acid oxidase to subunits of near 70,000 molecular weight 
was observed (Fig. 3.2). Virtually identical results were obtained when the native 
enzyme was studied by sedimentation equilibrium in 6 M guanidine hydro-
chloride at pH 7.0. In all cases the plots of log c versus (radius)2 were linear 
throughout the cell and indicated no major heterogeneity in the molecular size 
of either the native enzyme or its subunits (YPHANTIS, 1963). No significant 
concentration dependence of the molecular weight of the native enzyme or its 
subunits was observed over the range of 0.25 mg/ml to 1.0 mg/ml. 
The results of a typical starch gel electrophoresis experiment on the native 
37.0 37.5 
FIG. 3.1. A representative plot of sedimentation equilibrium data obtained on the native 
enzyme. The solvent system was 0.1 M sodium phosphate plus 0.1 M potassium 
chloride, pH 7.0. The experiment was carried out at 20° and a rotor speed of 12,590 
revolutions/minute. These date were obtained 28 hours after reaching equilibrium 
speed and at a protein concentration of 0.35 mg/ml. 
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FIG. 3.2. A representative plot of sedimentation equilibrium data obtained on reduced and 
S-carboxymethylated L-amino acid oxidase. The solvent was 6 M guanidine hy-
drochloride, 0.1 M sodium phosphate, pH 7.0. This experiment was carried out at 
20° and at a rotor speed of 22,000 revolutions/minute. These data were obtained 
48 hours after reaching the equilibrium speed. The protein concentration was 0.5 
mg/ml. 
enzyme at pH 9.0 are shown in Fig. 3.3A. Three components were observed. 
The fastest migrating component appeared to represent approximately 50 % of 
the protein. Removal of the two sialic acid residues in the enzyme by digestion 
with neuraminidase produced a very similar 3 banded pattern (Fig. 3.3B), but 
with a modified electrophoretic mobility indicating less electronegative cha-
racter. Disc electrophoresis at pH 9.0 showed patterns similar to the starch gel 
experiments (Fig. 3.4A). Scanning of these Polyacrylamide gels on a densito-
meter indicated that the three components, A, B and C, were present in relative 
amounts of 0.58, 0.22 and 0.20 respectively. When the enzyme was subjected to 
disc electrophoresis in the presence of 8 M urea and 0.5 % j8-mercaptoethanol 
at pH 9.0, two components, a and b, were observed (Fig. 3.4B). The relative 
amounts of these two components were 0.69 and 0.31, respectively. We have 
assumed equal staining properties for the various electrophoretic components. 
When isozyme A was subjected to electrophoresis as described above, a single 
band was observed both with and without 8 M urea and /?-mercaptoethanol 
(Fig. 3.5). 
3.3.3. Peptide mapping 
Peptide maps of the tryptic digest of reduced and S-carboxymethylated 
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FIG. 3.3. Starch gel electrophoresis of L-amino acid oxidase at pH 9.4 in 0.03 M sodium gly-
cinate. Details are given in the text. Electrophoresis was for 18 hours at 4°. (A) 
Native enzyme. (B) L-amino acid oxidase which had been treated with neuramini-
dase in order to remove its 2 residues of sialic acid. 
L-amino acid oxidase revealed between 60 and 70 ninhydrin positive spots 
(see Fig. 6) with no significant ninhydrin positive material at the origin. As 
may be seen in Table 3.1, the sum of the number of lysine plus arginine residues 
in L-amino acid oxidase was found to be 141. The Sakaguchi reagent revealed 
30-35 arginine containing peptides while the Ehrlich reagent indicated 6 
tryptophan containing peptides. The Pauly reagent showed 19 peptides con-
taining tyrosine or histidine. Three peptides showed visible fluorescence when 
illuminated with a short wavelength ultraviolet lamp. These date are summarized 
in Table 3.2. 
3.3.4. Amino terminal analysis 
Analysis of amino terminal residues by the cyanate method showed 1.33 
residues/mole of alanine, 0.39 residues/mole of tyrosine and small quantities 
(less than 0.1 residues/mole) of leucine. Significant amounts of glutamic acid 
were found both in the control and carbamylated samples even though the 
additional step recommended to eliminate pyrrolidone carboxylic acid (STARK 
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FIG. 3.4. (A) Disc gel electrophoresis of L-amino acid oxidase in 0.03 M glycine, pH 9.0. The 
gels contained 5 % acrylamide and the run was for 90 minutes at 3 mA per tube. 
(B) Disc gel electrophoresis of L-amino acid oxidase which had been preincubated 
for 20 hours in 8 M urea and for 2 hours in 0.5 % ß-mercaptoethanol. The gels con-
tained 6 % acrylamide, 0.5 % ß-mercaptoethanol, 8 M urea and 0.03 M glycine, pH 
9.0. Run conditions were as in (A) above. The gels were scanned as described in text. 
dtf ta^ 
FIG. 3.5. Disc gel electrophoresis of isozyme A 
of L-amino acid oxidase. Conditions, see Fig. 3.4. 
(A) Disc gel electrophoresis of the native enzyme. 
(B) Disc gel electrophoresis of the isozyme in 8M 
urea and 0.5 % mercaptoethanol. 
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FIG. 3.6 A tracing of a typical tryptic peptide map of reduced and S-carboxymethylated 
L-amino acid oxydase. The spots were revealed with collidine-ninhydrin dip. Details 
of the mapping procedure are given in the text. 
TABLE 3.2. Summary of the Tryptic Peptide Maps of L-Amino Acid Oxidase. 
Amino acid Residues/mole" Number of peptides found 
Lysine + Arginine 
Arginine 
Tyrosine + Histidine 
Tryptophan 
141 
65 
82 
14 
60-70" 
30-35" 
19c 
6d 
" Ninhydrin positive peptides. From the known specificity of trypsin we should expect 142 
peptides in a tryptic digest if there were no repeating sequences in the primary structure of 
the enzyme. 
6
 Sakaguchi positive peptides. 
c
 Pauly positive peptides. 
d
 Ehrlich positive peptides. 
" The molecular weight was assumed to be 135,000. 
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and SMYTH, 1963) was carried out. Since the amount of glutamic acid found in 
the control sample was equal to that in the carbamylated sample, this amino 
acid was not regarded as amino terminal. 
3.4. DISCUSSION 
Our determination of the molecular weight of native L-amino acid oxidase by 
high speed sedimentation equilibrium is in good agreement with that reported 
by WELLNER and MEISTER (1960b), i.e., between 130,000 and 140,000. Combin-
ing this information with a sedimentation coefficient of 6.70 S (MEISTER and 
WELLNER, 1966), an apparent diffusion coefficient, D2 0 , w of 4.52 x 10~7 cm2/sec 
may be calculated by the Svedberg equation. These data may be combined as 
suggested by SVEDBERG and PEDERSEN (1940) to give an apparent f/f0 value 
of 1.39. This would be consistent with a prolate ellipsoid of revolution with an 
axial ratio near 7. From these parameters it can be stated that the hydrody-
namic properties of L-amino acid oxidase differ significantly from those of an 
anhydrous sphere. We have shown that this enzyme is composed of two poly-
peptide chains of equal size and near 70,000 molecular weight. Since the dis-
sociation of the enzyme may be achieved in either 8 M urea or 6 M guanidine 
hydrochloride without prior reduction of disulfide bridges, it may be concluded 
that the enzyme contains no covalent linkages between its two polypeptide 
chains and thus the 12 or 13 half-cystine residues which were not alkylated by 
iodoacetic acid are involved in intrachain disulfide bridges. The enzyme con-
tains 4 residues of cysteine as judged from alkylation by iodoacetic acid in 8 M 
urea. 
Gel electrophoresis studies in both Polyacrylamide and starch gels indicate 
three electrophoretic components in this enzyme, while under dissociating con-
ditions only two components in a ratio of 2.3:1 were observed. Removal of the 
sialic acid residues results in the retention of a three banded pattern with modi-
fied electrophoretic mobility and would seem to eliminate these residues as a 
source of the electrophoretic heterogeneity in the enzyme, as has been suggested 
by MEISTER and WELLNER (1966). These patterns are consistent, however, with 
a system in which two types of subunits, a and b, may combine to form three 
differing dimeric species aa, ab and bb. This model is further supported by the 
fact that isozyme A, supposed to represent the dimeric species aa, shows a 
single electrophoretic band before and after dissociation with urea and ß-
mercaptoethanol. Our data show that the two kinds of polypeptide chain 
which make up L-amino acid oxidase are found in unequal amounts in this 
system. This may be due to an unequal synthesis or degradation of the two 
chains in individual reptiles or since we have used pooled snake venom to 
prepare the enzyme, it may reflect a heterogenous genetic pool. In this connec-
tion, the observation of WELLNER and MEISTER (1960b) that upon electropho-
resis of L-amino acid oxidase from a single snake, only two of the electro-
phoretic components were observed, is rather puzzling. 
The distribution of material among the three components of the native en-
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zyme from pooled snake venom differs significantly from a normal distribution1 
and the homodimeric species, aa, and bb, seem to be favored over the heterodi-
meric species ab (assumed to be the component of intermediate electrophoretic 
mobility). Isolation of the individual chains for hybridization experiments is 
currently in progress and further experiments with regard to this point may 
clarify this observation. 
The results of terminal analysis fully support a two chain model for this en-
zyme and further confirm the unequal amounts of the two kinds of chain found 
in gel electrophoresis. The prédominent polypeptide chain has an amino termi-
nal alanine residue, while the chain found in lesser amounts has an amino 
terminal tyrosine. 
Peptide mapping studies on the tryptic digest of reduced and alkylated L-
amino acid oxidase show near \ the number of ninhydrin positive spots one 
would expect if the two chains of L-amino acid oxidase were completely differ-
ent with respect to their amino acid sequence. This observation would be con-
sistent with two polypeptide chains showing a high degree of homology in their 
primary structure. This conclusion is further supported by the number of pep-
tides found to contain specific amino acids. 
In summary, we have demonstrated through ultracentrifugal studies and 
chemical end group analysis that L-amino acid oxidase is composed of two 
polypeptide chains of similar amino acid sequence but differing at least in their 
amino terminal residues and electrophoretic mobilities. These two subunits 
occur in unequal amounts in the L-amino acid oxidase system and are combined 
through non-covalent forces to form the dimeric native enzyme. Gel electro-
phoresis experiments in the presence and absence of 8 M urea indicate that the 
three electrophoretic bands in the native enzyme are due to the various dimers 
formed between the two types of subunit and that the formation of dimers 
between like subunits is favored over that between unlike subunits. 
It will be of interest to determine if, in fact, this enzyme contains two active 
sites. The recent observation of MASSEY et al. (1968) on the borohydride re-
duction of this enzyme in the presence of substrate may allow the active sites or 
site of L-amino acid oxidase to be labelled and further studied. Additional 
studies on the isolated chains of L-amino acid oxidase and on the individual 
isozymes will certainly be required in order to clarify our knowledge of the struc-
ture and catalytic mechanism of this enzyme. 
1
 A normal distribution of two species which can form a dimer is taken to mean that the 
three possible dimers formed, AA, AB and BB, will be found in relative amounts corres-
ponding to the terms, a2, lab and b2 of the binomial expansion (a + b)2 if a and b are the 
relative fractions of each monomer and we assume equal stability and probability of formation 
for each type of dimer. In this case, we would expect relative amounts of 0.475, 0.428 and 
0.096 for a normal distribution of the species AA, AB and BB, respectively. The relative 
amounts found, however, 0.58, 0.22 and 0.20, show significant deviations from the values 
calculated above and suggest that the homodimeric species are favored in some way. 
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4. FLUORESCENCE LIFETIME STUDIES WITH 
FLAVINS AND FLAVOPROTEINS 
Don't search these laws 
why work in vain 
to understand them is insane 
(From Eminesco) 
4.1. INTRODUCTION 
Upon the absorption of light by a molecule, the Franck Condon principle 
prohibits any change in nuclear coordinates during the time of excitation. Thus 
the absorption spectrum is a reflection of the thermodynamically determined 
statistical distribution of ground state interactions. 
The rate of emission, ca 108 sec -1, is sufficiently slow, however, to allow side 
reactions with a comparable or higher rate to become important. Therefore a 
study of the rates of emission which are inversely proportional to the lifetimes of 
the excited state, under different environmental conditions may give inform-
ation about these fast competing reactions. Reactions which are very fast, com-
pared with the rate of fluorescence emission, such as the reorientation of the 
solvent molecules according to the charge distribution of the excited molecule, 
cannot be studied with this method. On the other hand, reactions which are 
much slower, such as most chemical reactions, exert no influence on the rate of 
fluorescence emission. Reactions which may be studied are quenching reactions, 
caused by collisional deactivation of the excited state. When lifetime measure-
ments are extended to protein fluorescence it is possible in this way to get a 
better knowledge about protein interactions with a fluorophore. 
Because of the interest in the relation between flavin interactions and protein 
structure a study of free flavin coenzymes and the FAD containing enzyme 
lipoamide dehydrogenase (EC. 1.6.4.3) was made. This study is meant to scan 
the possibilities and limitations of such lifetime determinations in connection 
with other fluorescence properties, such as fluorescene yields and polarization 
of the fluorescence. 
4.2. METHODS AND MATERIALS 
4.2.1. Measurements of fluorescence lifetimes 
4.2.1.1 Theore t i ca l 
An electronically excited molecule can follow different pathways of relaxa-
tion to the ground state. This is shown in the simplified energy state diagram 
of figure 4.1. Straight lines represent radiative pathways of deexcitation, while 
wavy lines represent nonradiative transitions. Non-radiative deexcitation from 
higher states to the lowest singlet state (SJ occurs by internal conversion through 
vibrational levels and is extremely rapid, compared with the rates of deexci-
tation of Sj. For fluorescence studies therefore, only the pathways of deexci-
tation of S t need to be considered. These are: 
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FIG. 4.1. Pathways of deexcitation in an electronically excited molecule. Vibrational sublevels 
have been omitted for simplification. S0, Si etc are singlet states, T t is a triplet state 
level. 
1. emission of light, called fluorescence 
2. deexcitation by collisions with other molecules during the lifetime of the 
excited state and 
3. intersystem crossing from the singlet to the triplet state (Förster, 1951; 
Turro, 1965). The relative importance of each of these processes will be deter-
mined by the values of ku k2 (Q) and k3, where (Q) is the quencher concen-
tration (Fig. 4.1). 
The rate constant kx is directly related to the transition probability of S0 to 
S,. This latter value is related to the oscillator strength, which for molecules is 
given by the area under the absorption band, responsible for this transition. 
Thus, STRICKLER and BERG (1962) derived the following formula: 
kx = 2.880.10 -Q 2 ~ .v(gllgu) J I erf In : (4.1) 
^ stands for the in which n is the refractive index, the expression < G / - 3 > 
reciprocal of the mean value of vf~3 in the fluorescence spectrum, üf being the 
frequencies of fluorescence in wavenumbers ; gt and gu are the degeneracies of 
the lower and upper states respectively, s the extinction coefficient and ü„ the 
frequencies of absorption in wavenumbers. 
The value of the rate constant k3 depends on the allowedness of the 'for-
bidden' singlet to triplet conversion. In many-atom systems the singlet and 
triplet state lose their pure character by spin-orbit perturbations, thus making 
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intersystem crossing more allowed. For instance in benzophenone and other 
ketones intersystem crossing is the main pathway of deexcitation (TURRO, 
1965). 
If every collision during the lifetime of the excited state results in quenching, 
this rate is determined by the rate of diffusion. In water at 25° the rate constant 
of a diffusion limited reaction, according to the Debye equation (Eq. 4-18), 
is 1010 liter mole -1 sec -1. 
The excited molecule emits radiation according to an exponential decay curve, 
represented by 
/, = /oe-"' (4.2) 
in which I0 is the intensity of the emitted light at time o after the excitation has 
stopped, /, the intensity at time t and k = kl + k2(Q) + k3. The mean life 
time, T = l/k, is the time when the intensity has reached 1/e of its initial value. 
It is related to the natural lifetime, T0 = l/k1 by the quantum yield: 
number of quanta emitted per unit time kx 
0 = = (4.3) 
number of quanta absorbed per unit time kx + k2(Q) + k3 
Some instruments to measure lifetimes are directly based on equation 4.2. 
The pulse of light to excite the molecules must be much shorter in duration 
than the mean lifetime to be measured, while the risetime of the detector, in 
general a photomultiplier, must also be very short. This sets a limit to the 
measurements of subnanosecond lifetimes with such an instrument. On the 
other hand this method is very suitable to detect heterogeneity in the decay 
curve, caused by the presence of different emission oscillators in the sample. 
The method which was used in the present studies is based on the phase 
difference and demodulation that is found in the fluorescent light on excitation 
of the sample with sinussoidally modulated light. The instrument is called a 
fluorometer after GAVIOLA (1926), who constructed the first apparatus of this 
kind. The theory, given in a more general form than presented here, has been 
developed by DUSHINSKY (1933). 
The reaction is given by the following equation : 
f(t) 
F ^ F * 
k 
in which 
k = hy + fc2(Q) + k3 
and 
/(t) = A + Bsin(2?r/t) (4.4) 
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ƒ being the frequency of the modulation of the exciting light. This frequency 
should have the same order of magnitude as the expected k value (SPENCER and 
WEBER, 1968). Because fc-values are in the order of 108 sec -1, the frequency 
used was in the MHz region. 
The variation of the singlet state population with time is given by 
d(F*) 
dx 
= - fc(F*) + f(t). (F) (4.5) 
which has as solution : 
(F*) = e-*,(F)J'/(t)e'"dt 
The rate of deexcitation as a function of time becomes : 
k(F*) = fc(F) e -*' f f(t)ektdt 
After substitution of equation 4.4 and carrying out the integration this becomes : 
(4.6) 
(4.7) 
= A + B k(F*) 
~W " " T " Vfc2 + 4n2f2 LVfc2 + 4n2f 
Inf 
sin Infi — 
.IIA Vfc2 + AnY 
By substituting 
: cos 2nft (4.8) 
cos 9 
Vfc2 + 4^2/2 a n d 
it follows that 
fc(F) 
sin 9 2nf 
Vfc2 + 47t2/2 
(F) 
and 
= A + B cos 9 sin (2nft - 9) 
/v 
(4.9) 
(4.10) 
From a comparison of equations 4.4 and 4.9 it can be seen that the degree 
of demodulation is given by cos 6 : 
cos 9 = 1 
Vl + 4 T I 2 / V 
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In the case emission is caused by depopulation of excited states with different 
lifetimes, one can detect this within the accuracy of the experiment by meas-
uring both the phase shift and the degree of demodulation (SPENCER and WEBER, 
1968). In the present experiments no difference was found. Due to the higher 
accuracy of the phase interval measurements this latter method was used 
throughout. 
4.2.1.2. I n s t r u m e n t a l 
The fluorometer used was constructed by Spencer and Weber (1968). Light 
of a battery-operated 150 W Xenon lamp was modulated by means of an 
ultrasonic standing wave, perpendicular to the light wave front (Figs. 4.2 and 
4.3). This standing wave was generated by a x-cut quartz crystal, driven in the 
third harmonic at 14.1988 MHz by a radio transmitter. The quartz crystal was 
mounted in a heavy steel tank, filled with a solution of 19% alcohol and 81 % 
water. This mixture was chosen, because it has a very small temperature coeffi-
cient for the velocity of sound near 20°. On the opposite side of the tank a 
reflector was mounted, which could be adjusted to obtain an optimal standing 
wave across the tank. 
FIG. 4.2. Lifetime instrument. Upper right shows xenon lamp and ultrasonics tank. In the 
center the cuvette holder with left the photomultiplier. The monochromator is 
replaced by a mirror system to lengthen the excitation path length. With this arrange-
ment the performance of the instrument was checked with the time, required for the 
light to travel this extra distance. Not shown are the electronics for phase and de-
modulation measurements. 
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FIG. 4.3. Schematics of the lifetime instrument. Li to L6 are quartz lenses, D t and D2 dia-
phragms, W, and W2 quartz windows. For an explanation of optics and electronics 
see text. 
The ultrasonic wave creates planes of higher refractive index, which collapse 
and rebuild with this standing wave. As a result the wave front of the emerging 
parallel beam of light is modulated according to the modulation of the refractive 
index, that is at twice the crystal frequency, i.e. at 28.4 MHz. The first order 
image of the interference pattern, obtained at slit S2 is then focused via the 
entrance slit of a grating monochromator on the fluorescent sample. 
The electronics has been developed to detect the phase angle and the degree 
of demodulation with the utmost precision. The very high frequencies used are 
difficult to handle without loss of signal. The main development has been there-
fore to reduce the 28.4 MHz signal to a 36 Hz signal without effect on the phase 
angle and the degree of demodulation. The signal from the RF generator is 
multiplied by 2 electrically and connected to a phase shifting module. This 
module is a rotating capacitor, connected to appropriate résisters. The RC 
network is tuned on the signal frequency in such a way that each revolution adds 
360° to the input signal. The phase shifting module is driven at 36 revolutions 
per second by a very stable synchronous motor. In this way 36 Hz is added to 
the 28.4 MHz signal. A phase reference signal is obtained photoelectrically 
from holes in a disc mounted on the rotating shaft of the capacitor. 
The 28,400,036 Hz signal is then applied to the anode screen grid of the 
photomultiplier tube. In this way the gain of the photomultiplier tube changes 
with time as does the incoming signal. If H(i) is the anode signal, F(t) the signal 
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on the photocathode and /x(t) the signal on the anode screen grid, the following 
relation is obtained (BIRKS and LITTLE, 1953): 
ff(t) = |i(t) x F(t) (4.12) 
or 
H(t) = (C + D sin 2nf2t) x (A + Bcos 6 sin Infa + 9) 
The cross correlation product 
(Dsin 2nf2t) (Bcos 9 sin Inffi + 9) 
(4.13) 
(4.14) 
leads to the sum and difference frequency containing the phase difference. The 
difference frequency of 36 Hz is then amplified in such a way that the high 
frequencies are filtered off. 
The actual phase measurements are performed with a two channel frequency 
counter (Hewlett-Packard Model 5223L). The counter is turned on by the rise 
of the signal from the phase reference source (Fig. 4.4) and turned off when the 
signal from the photomultiplier tube goes through zero. To correct for phase 
shifts in the apparatus a suspension of glycogen in water is used to scatter the 
light. The difference between the phases of sample and scatter is the phase lag 
, At sample 
•Ï ! At fluorescence 
gate off 
Photomultiplier 
signals 
FIG. 4.4. Measurement of phase and demodulation. The gate of the time counter is opened at 
the rise of the reference signal and closed when the photocurrent goes from positive 
through zero. The time delay caused by fluorescence is given by the difference of the 
time delays observed in the sample and the scatter solution. The degree of modula-
tion is given by B/A for the scatter solution and Bcos 0/A for the fluorescent 
solution. 
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caused by fluorescence. The frequency counter displays the time interval in 
msec. Therefore the phase lag is given by: 
At Fluorescence „ „ 0 At Fluorescence _,.„ 6 = x 360 = x 360 
Period 27.78 
and 
tgfl tgô T = — = nsec. 
27tf 0.1784 
The time resolution is 0.01 msec, corresponding with a phase shift of 0.13° or 
a lifetime of 0.02 nsec. For each sample the results of 20-30 measurements 
were averaged. Results with a standard deviation greater than 0.03 nsec were 
rejected. Such a deviation was mainly due to long-time fluctuations of the Xenon 
arc. Experimentally, the degree of modulation is determined from the signals 
shown in Fig. 4.4. The degree of modulation of the fluorescence signal, 
M = ^max - ^min = B COS 0 
F
 I 4- 1 A 
x
 max ^ A mm ^* 
while the degree of modulation of the scatter signal is 
Ms = -
A 
Therefore the relative degree of modulation, 
= cos 6 MF 
Ms 
The performance of the instrument was checked by measuring the delay 
caused by a lengthening of the optical path after modulation. Light needs 0.333 
nsec. to travel 10 cm in air. The difference between observed and calculated 
delays were all within 0.03 nsec. The delay caused by a change in refractive 
index in the lightpath was also measured. A change of 10 cm air by 10 cm water 
caused a delay of 0.12 nsec. The expected delay was 0.11 nsec. 
4.2.2. Polarisation Measurements 
The polarization instrument used was essentially the one described by WEBER 
(1956). Instead of the compensation method described in that paper, fixed 
polarizer prisms G2 and G3 in the emission beams were used (see Fig. 4.5). 
The prism Gx could be turned over 90°. In position 1 the electric vector of the 
exciting light was in the plane of the paper. G2 and G3 were oriented in such 
a way that the emission beams had their electric vectors both normally to that 
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FIG. 4.5. Schematics of the polarization instrument. L is a quartz lens, Fi an interference 
filter, F2 are Corning glass filters, Gi, G2 and G3 are UV transmitting Glann 
Thompson prisms, PM„andPM» are photomultipliers which receive light from which 
the electric vector is respectively perpendicular and parallel to the electric vector of 
the exciting light. C is a water jacketed cuvette holder. 
of the exciting light (Iv). In this position the photomultipliers were electrically 
balanced. The prism Gx was then turned to position 2, in which case G2 
transmitted Iv and G3 Ih. The photocurrents of both photomultipliers were 
amplified, added and substracted by means of an operational amplifier system. 
The sum and difference outputs were connected to the inputs of a ratio digital 
voltmeter (Dana, Model 5403). The polarization, defined as: 
P = 
4 - J v 
h + h 
(4.15) 
could be read directly from the instrument or was printed. This arrangement 
made it possible to take 10-20 measurements of the polarization in a few 
seconds. In this way a greater accuracy was reached and the photolabile flavins 
were less exposed to the exciting light. The 366 nm and the 436 nm lines of the 
mercury lamp were selected for excitation. In the emission beams Corning 
glass filters nr. 3-70 were used to cut off any straylight. The cuvette holder 
could be thermostated. 
4.2.3. Fluorescence Yield Measurements 
Measurements of the relative fluorescence yields were performed with the 
split-beam apparatus described by ANDERSON and WEBER (1964). The samples 
were excited at 366 nm. The reference beam was reflected into the photo-
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multiplier with a mirror in the cuvette holder. In the emission beam of the 
sample a Corning glass filter nr. 3-70 was used to cut off any straylight. The 
ratio of both photomultiplier signals was displayed by a ratio digital voltmeter 
(Dana, Model 5403) or was printed. The results of 20 measurements were 
averaged. 
In all cases cuvettes with a cross section of 1 cm2 were used. Absorbancies 
were measured with a Zeiss spectrophotometer. 
4.2.4. Materials 
FAD and FMN were obtained from Sigma Chemical Cy. No attemps were 
made to purify these flavins further. It was later realized (R. D. Spencer, 
personal communication) that Sigma FAD and FMN could be contaminated 
considerably by FMN and riboflavin, respectively (see also MASSEY and 
SWOBODA, 1963). 
Lipoamide dehydrogenase (EC 1.6.4.3) was obtained from Boehringer. The 
copper-treated enzyme was prepared by incubation for 40 hours of 2.5.10~5 M 
lipoamide dehydrogenase in 0.1 M phosphate buffer, pH 6.3 and 7.5.10~5 M 
CuS04. The enzyme was then dialyzed against 3 changes of 200 volumes of 
phosphate buffer, pH 6.3, containing 10 -3 M EDTA. 
Lumiflavin was prepared by the method of WARBURG and CHRISTIAN (1933). 
It was purified by crystallization from formic acid. 
Other chemicals used were of analytical grade. Glass distilled water was used 
throughout. 
4.3. RESULTS AND DISCUSSION 
The fluorescence lifetimes of FAD, FMN and lumiflavin were found to be 
concentration independent between 10~4 and 10~5 M, when measured at 25° 
in 0.1 M phosphate buffer, pH 7.0. They were respectively 3.30 ± 0.03 nsec, 
4.65 ± 0.03 nsec and 4.94 ± 0.03 nsec. The same lifetimes were found on ex-
citation at 264,366 and 450 nm, as would be expected if the rate of internal 
conversion from upper states to the lowest singlet state or the rate of energy 
transfer from adenine to isoalloxazine in FAD (Weber, 1958) is very fast com-
pared with the rate of fluorescence emission. As pointed out in section 5.1, the 
increase in lifetime in the order FMN-lumiflavin may be explained by a decrease 
in the rate of intersystem crossing, as suggested by BOWD et al. (1968), but also 
by a decrease in the rate of intramolecular quenching by the ribityl side chain. 
For FAD, WEBER (1950) showed that in the ground state this molecule 
exists in two forms in water at neutral pH, which are in equilibrium with each 
other. One form is a complex between the adenine and the isoalloxazine moieties. 
The other form is the dissociated (open) form of FAD. If we call the isoalloxazine 
moiety A and the adenine moiety B, we can picture this as follows : 
©-® ^ © 
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The formation of an intramolecular ground state complex in FAD has been 
substantiated by measurements of circular dichroism (LISTOVSKY et al, 1966; 
MILES and URRY, 1968). The visible absorption spectrum is also slightly different 
from that of FMN (WHITBY, 1953). It has been impossible to calculate the 
amount of complex in the ground state with these methods. As shown below 
however, it is possible to calculate both the degree of dissociation of the ground 
state complex, a, and the rate constant of quenching by interaction of the 
adenine and the isoalloxazine moieties during the lifetime of the excited state, 
k+*, from fluorescence lifetime and yield measurements. 
The excited open form of FAD can undergo the following processes of deacti-
vation (Scheme 4.1): 
(AÈ) + light (1) 
k ' ^ (AB) *• heat (2) 
k1 
-> ( Â ) @ + light (3) 
> ( A ) — ® + heat W) 
k2'zk2(Q) W 
-* > Intersystem crossing (5) 
k3 
SCHEME 4.1. Pathways of deactivation of the excited open form of FAD 
The following assumptions have to be made, however, to carry out the calcu-
lations : 
1. The open and the closed form have an equal probability of excitation at 
366 nm, the wavelength of excitation used. 
2. The rate constants of processes 3, 4 and 5 are equal to those in FMN. 
3. The closed form is assumed to be non-fluorescent (i.e. reaction 1 can be 
ignored). This assumption seems to be justified, because it is found that on 
the addition of complex quenchers to flavins, that are quenchers which form a 
ground state complex with the flavin, the fluorescence yield becomes unmeasur-
able small on saturation of the flavin with the quencher. Moreover, demodula-
tion measurements of FAD do not indicate inhomogeneity of the decay curve 
within experimental error. Inhomogeneity should be expected if the complex 
contributed to the fluorescence with a lifetime different from that of the open 
form. 
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4. The back reaction k _ can be ignored with respect to the rate of deactivation k'. 
According to scheme 4.1, collision of A and B in the excited state may also 
cause a drain of excitation energy. This is called dynamic quenching. In the 
case of complex quenching the fluorescence yield decreases but the lifetime is 
unaffected, while dynamic quenching causes a decrease in yield and in lifetime. 
In many cases a mixture of both processes is found. Pure complex quenching 
has been found by WEBER (1948, 1950) in the case of quenching of the riboflavin 
fluorescence by adenine. The constancy of the fluorescence lifetime was indi-
cated by the constancy of the fluorescence polarization within experimental error. 
From this Weber could calculate a minimum lifetime of the complex of 10" 6 sec. 
(Â>-® 
A 
hv hv 
©—@ 
SCHEME 4.2. Ground state and excited state equilibria in FAD 
The decrease in lifetime indicates that in FAD both dynamic and complex 
quenching play a role. According to scheme 4.2 it is possible to calculate both 
the rate constant of quenching by interaction of the adenine and the isoalloxa-
zine moieties during the lifetime of the excited state, k+*, and the degree of 
dissociation of the closed form in the ground state, a. Because the degree of 
dissociation is concentration independent in this case, the formula, given by 
FÖRSTER (1951, p. 208) for a mixed process of static and dynamic quenching 
may be written as follows : 
'FMN TFMN k + k+ 
. a. (4.16) 
The ratio of the fluorescence intensities, /FADMFMN was 0.21 at 25° in 0.1 M 
phosphate buffer, pH 7.0. With the relations 
1 
k + k*+ 
and 
TFMN = - = 4.65 nsec. 
k 
Meded. Landbouwhogeschool Wageningen 70-1 (1970) 47 
it follows that a = 0.30 and k+* = 9.107 sec -1. If it is further assumed that 
k+* = k+, that is, that the probability of quenching in the excited state is 
equal to the probability of complex formation in the ground state, the rate 
constant of dissociation of the internal complex, k_ may be calculated: 
^ = Kdiss. = -?— = 0.43 (4.17) 
k+ 1 — a 
From this it follows that k_ = 4.107 sec -1. Thus the mean lifetime of the com-
plex is about 25 nsec'. This time is much shorter than the minimum lifetime given 
by WEBER (1948, 1950) for the complexes of riboflavin and purines, 10~6 sec. 
However, Weber based his value on a fluorescence lifetime of 10 nsec, found in-
directly by polarization measurements, in the absence of the quencher studied. 
With the value of 4.65 nsec found by us the minimum lifetime of the complex 
would be 465 nsec, still a factor 18 longer than the value given above. One of the 
causes may be strain in the complex of FAD. On the other hand one of the as-
sumptions made in the derivation of the Eqs. 4-16 and 4-17 may not be valid. 
Especially, the assumption that k+* = k+, also used by WEBER (1948), may 
prove to be wrong, because two species are concerned, A and A* with different 
charge distribution. Another assumption, generally made, is the fast return of 
the excited complex to the ground state. If this reaction is not fast, compared 
with the lifetime of the excited complex, the back reaction k_* may become im-
portant. The system should than be treated by the method introduced by Eigen 
(EIGEN and DE MAYER 1963) in terms of relaxation times of 3 of the 4 species 
concerned in scheme 4.2. 
Quenching is considered to be a diffusion controlled reaction (FÖRSTER, 
1951). In general the maximum possible rate of a bimolecular reaction is 
limited by the rate of diffusion into each others interaction sphere (DEBYE, 
1942). The theory is directly applicable to quenching processes, if a correction 
is added for the fraction of collisions, resulting in quenching (FÖRSTER, 1951, 
p. 210). The rate constant is then given by: 
= 2 R T J ^ r A ± ^ 
3000f/rArL 
in which R is the gas constant in erg/degree, r\ the viscosity of the solvent in 
poises, y the fraction of collisions, resulting in quenching, rA and rL the effective 
collision radii of the fluorescent molecule and the quencher molecule respectively. 
A minimum value of kD is obtained for rA = rL. Equation 4.16 then simplifies to 
1
 The lifetime of the FAD, purified according to Massey and Swoboda (1963) was 2.29 nsec at 
25 °. The fluorescence ratio IFAD/IFMN decreased tc 0.10. The fluorescence properties of FMN 
did not change upon purification. With these values, a became 0.20 and k+* 2.2.108. k . 
increased to 5.7.107, giving a mean lifetime of 17 nsec. 
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FIG. 4.6. The effect of temperature on the rate constant of quenching of the FMN fluorescence 
by I". The solutions contained 2.6.10"5 M FMN and 0.1 M KI in 0.1 M phosphate 
buffer, pH 7.0. The viscosities were taken from the International Critical Tables. 
kD — 
8RTy 
3000rç 
(4.19) 
In water at 25° this would give a value of 7.4.109 liter mole -1 sec -1, assuming y 
= 1. It is however doubtful that this formula may be applied to any system in 
which the positions of the quencher and the fluorescent molecule are more or 
less fixed with respect to each other, as in FAD or in a protein. This is sub-
stantiated by the fact that a plot of k+* vs T/rç was found to be non-linear. 
Furthermore, if this formula is applied to the quenching in FAD, a pseudo first 
order rate constant of 7.4.109 sec -1 would require a value of y — 0.005 to 
obtain the rate constant of 9.107 found. This is very unlikely, considering the 
expected high efficiency of quenching in such an intramolecular complex. 
On the other hand, the quenching of FMN by I~ should give diffusion con-
trolled rate constants. Fig. 4.6 shows that in this case a perfectly linear rela-
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tionship is obtained with k* values which are a magnitude of 2 higher than 
those with FAD. The slope of the line in Fig. 4.6 should be equal to 
2 R ( f A +
 ^ = 1.9.10* 
3000 rAr£ 
according to eq. 4.16. If in a rough approximation, the collisional radius of I~ 
is considered to be 1/5 of that of FMN, one would find that y = 0.5, which 
means that 50% of the collisions are effective in quenching. From Fig. 4.6 it is 
clear that the line does not pass through the origin. This is probably caused by 
the fact, that the formula, given by FÖRSTER (1951) is an approximation of the 
original formula of DEBYE (1942), which contains a more complicated depend-
ence on T, which may cause deviations at small T/rç. 
If the rate of quenching in FAD is not limited by diffusion, the effect of 
temperature on the rate constant is given by the Arrhenius equation. 
l og fc* = + constant (4.20) 
2.3RT 
in which AE is the energy of activation for complex formation, while the effect 
of temperature on Kdiss is given by the van 't Hoff relation 
log Kdiss = - —— + —— (4.21) 
2.3RT 2.3R 
in which A H is the heat of dissociation of the complex and zlS the entropy 
change on dissociation. In both cases straight lines were obtained by plotting 
log k+* and log Kiiss_ vs. l/T (Fig. 4.7). According to equation 4.18 the activa-
tion energy for formation of the complex was 5600 cal/mole. The heat of 
dissociation of the internal complex, as calculated from Eq. 4.19 was 2.7 kcal/ 
mole. This is close to the value, calculated by WEBER (1950) for the heat of 
dissociation of the complex between riboflavin and purines, 1.6 ± 0.6 kcal/ 
mole. The entropy change as calculated from the intercept on the log Kilas_ 
axis was 7.4 e.u. In all cases the slopes and intercepts were calculated by the 
least square method, while ideal conditions were assumed. 
Similar studies were performed with protein-bound FAD. Lipoamide dehy-
drogenase and the copper-treated enzyme were compared with respect to the 
effect of temperature on the relative quantum yield, lifetime and fluorescence 
polarization. In these cases, however, difficulties arise in the calculation of 
k+* and ÂTdlss. The assumption to be made, as in the case of the unbound FAD 
is, that the open form, now bound to the protein, but without additional inter-
actions considered, has a lifetime and quantum yield identical to the unbound 
FMN, is probably not valid here. The rate constants kt and k3 do probably 
not change on binding of the coenzyme to the protein, but the rate constant of 
quenching by solvent and solute molecules, k', may have decreased, due to the 
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FIG. 4.7. • • • van 't Hoff plot for the dissociation constant of the internal complex of 
FAD. O O O, Arrhenius plot of the rate constant of dynamic quenching by ade-
nine in FAD. The FAD concentration was 2.4.10-5 M. Solutions were made in 
0.1 M phosphate buffer, pH 7.0. 
different, more apolar, environment in the enzyme (VEEGER et al., 1966). 
Furthermore, if calculations are made, the rate constant for dynamic quenching 
of the FAD fluorescence in the protein as well as the dissociation constant for 
complex formation of the fluorophore with the protein may be composed from 
different interactions. The values given and their interpretation should be 
considered with these objections in mind. 
At 25° in 0.1 M phosphate buffer, pH 7.0, the fluorescence yield of lipoamide 
dehydrogenase, relative to FMN was 0.28 (excitation at 366 nm). The lifetime 
of the flavin fluorescence was 2.29 nsec. under these conditions. According to 
Eqs. 4.16 and 4.17, a = 0.54 and kg = 2.2.108 sec -1. Instead of k+* we will use 
the symbol kq to indicate, that the dynamic quenching may ibe caused by groups 
in the enzyme, different from adenine, which do not necessarely result in 
complex formation. Instead of Kdiss we will use the symbol Kcomplex to avoid 
confusion with the dissociation constant of FAD and protein. The symbol a 
should be interpreted accordingly. It should be clearly understood that only 
those interactions between FAD and protein are studied which influence the 
fluorescence properties of the co-enzyme. 
At 3.2°, the relative quantum yield was 0.48 and the lifetime was 4.13 nsec, 
Meded. Landbouwhogeschool Wageningen 70-1 (1970) 51 
leading to a = 0.56 and kq = 4.6.107 sec -1. These values were not signifi-
cantly different for the copper-treated enzyme : at 25°, a = 0.56 and kq = 2.3.108 
sec -1 and at 3.2° these values were respectively 0.59 and 5.3.107 sec -1. The 
degree of dissociation is much higher in lipoamide dehydrogenase - bound 
FAD than in free FAD. According to Eq. 4.16 
_ ^FAD (bound) . TFMN (free) 
TFAD (bound) -^ FMN (free) 
while in the case of pure dynamic quenching, according to Perrin(1929): 
h = %l (4.22) 
ƒ T 
ƒ o and I resp. T0 and x are the fluorescence intensities and lifetimes respectively 
before (with suffix o) and after quenching (without suffix). Because the quenching 
of FMN in 0.1 M phosphate is considered to be dynamic, 
TFMN (free) _ TFMN (protein) 
'FMN (free) ^FMN (protein) 
Therefore a change in k', as discussed above, will have no effect on a. The 
higher dissociation constant indicates that the complex with adenine is either 
partially opened upon binding of FAD to the apo-enzyme or that the inter-
action with adenine is completely broken and substituted for protein inter-
actions. Indications about interactions with the protein have been obtained 
from energy transfer experiments. MASSEY (1963) found energy transfer from 
the protein to the flavin, while VOETBERG and VEEGER (to be published) con-
cluded from their experiments that a tryptophyl residue was responsible for this 
energy transfer. Though energy transfer may occur over quite large distances 
(TURRO, 1965) it may also point to the possibility of energy drain in the reverse 
direction, leading to quenching of the flavin fluorescence. The slight increase in 
a for the copper-treated enzyme may be explained by the weakening of the 
bond between the flavin moiety and the protein, resulting in an increased 
polarity, as is indicated by different studies (VEEGER and MASSEY, 1962; 
CASOLA et al., 1966; KALSE and VEEGER, 1968). 
The sum of the rate constants for dynamic quenching of the isoalloxazine 
fluorescence in the enzyme, kq, is higher than in FAD and may be even higher 
if in fact k' is decreased on binding. Different groups may be responsible for the 
dynamic quenching, such as thiol and amino groups as well as the aromatic 
group, responsible for the complex quenching. In the latter case this group 
should be in the vicinity of the flavin. Copper treatment of lipoamide dehydro-
genase results in oxidation of essential thiol groups (VEEGER and MASSEY, 1962). 
Although the rates of dynamic quenching are even higher in the copper-
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relative fluorescence yield 
temp C 
FIG. 4.8. The effect of temperature on the relative fluorescence yield of flavins under different 
conditions. Solutions were in 0.1 M phosphate buffer, pH 7.0. The fluorescence 
yield at 3.2° was taken 100%. The values between brackets indicate the photo-
multiplier output in V at this temperature, T T T , 2.4.10-5 M FAD (0.903); 
A A A A, 2.6.10"5 M FMN(5.00); A A A A, 2.6.10"5 M FMN in the presence 
of 0.1 M KI (1.26); V V V 2.6.10"5 M FMN in the presence of 0.03 Mß-naphta-
lene sulfonate (0.902); • • •, 2.2.10~5 M copper-modified lipoamide dehydro-
genase (3.95); O O O 2.6.10~5 M lipoamide dehydrogenase (4.59). 
treated enzyme, it is not possible to conclude that thiol groups are involved in 
the quenching, rather than a change in environment leading to an increased 
polarity around the flavin, a secondary effect of copper treatment, being the 
cause of the higher quenching rate. 
The effect of temperature on the relative quantum yield of FAD, FMN under 
different conditions and both the native and the copper-treated enzyme is 
shown in Fig. 4.8. In the case of a complex quencher, such as /?-naphtalene 
sulphonate (see p. 60), the quantum yield increases with increasing temperature, 
due to the dissociation of the complex (positive AH). With a dynamic quencher, 
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such as I~ (see p. 60), the quantum yield decreases on increase of the temper-
ature, due to a faster quenching rate. In the case of FAD, where quenching is 
both static and dynamic, almost no temperature dependency on the quantum 
yield is observed. Apparently the positive AH value counteracts the increase 
in quenching efficiency in this compound. With lipoamide dehydrogenase it is 
clear that the quenching is mainly dynamic, because the AH value, though 
negative, is very small (see p. 55). In this case, however, a break in the plot 
relating the relative quantum yield with the temperature, is observed at 20° for 
the native enzyme and at 21° in the copper-modified enzyme. Such breaks are 
generally explained in terms of conformational changes of the protein (MASSEY 
et al., 1966; LEVY et a l , 1962, KOSTER and VEEGER, 1968). As a cause for such a 
conformational change which are generally observed in a similar temperature 
range, 10°-20°, a change in the structure of water at the interface protein-
water has been proposed. DROST-HANSEN (1967) has discussed the existence 
of thermal anomalies in the properties of water in terms of phase transitions of 
structural water, i.e. at an interface. One of these transitions occurs near 15°, 
dependent on the system studied. 
Log *:, 
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FIG. 4.9. Arrhenius and van 't Hoff plots for the quenching of the flavin fluorescence in 
lipoamide dehydrogenase and the copper-treated enzyme. Solutions were in 0.1 M 
phosphate buffer, pH 7.0. Lipoamide dehydrogenase concentration was 2.6.10~5 M; 
the concentration of the copper-treated enzyme was 2.2.10~5 M. • • •, Arrhenius 
plot for the rate constants) of dynamic quenching in lipoamide dehydrogenase; 
O O O, id. for the copper-treated enzyme. A A A , van 't Hoff plot for the disso-
ciation constant(s) of the complex in lipoamide dehydrogenase; A A A, id. for the 
copper-treated enzyme. 
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The effect of temperature on the fluorescence yield of lipoamide dehydro-
genase contains the effect of temperature on kq and on ATcomplex. Here again we 
will exclude the possibility of a diffusion controlled reaction on basis of the 
restricted positions of the quenching groups on the protein. Fig. 4.9 shows the 
Arrhenius and van 't Hoff plots for the native and the copper-modified enzyme. 
An analysis of correlation factors for different sets of points indicated a break 
in the Arrhenius plot for native lipoamide dehydrogenase at 20°, but almost 
a straight line in the case of the copper-modified enzyme. No breaks were found 
in the plots of log Kcomplex vs 1/T. This latter observation may indicate that a con-
formational change in the protein affects only the rate of dynamic quenching. 
The quenching rates in the native and the copper-treated enzyme are identical 
within experimental error above the transition temperature, while below this 
temperature the rates are somewhat higher in the copper-modified enzyme. 
This may be best understood in our opinion, by assuming that the effect of the 
conformational change at the transition temperature of the native enzyme on the 
rate of quenching is similar to the effect of copper treatment. With the native 
enzyme a sharp transition point at 15° has been found in the temperature 
dependency on the energy transfer reaction from a tryptophyl residue to the 
flavin molecule (Voetberg and Veeger, to be published). Even a small change in 
conformation, leading to a change in the angle or distance between the planes 
of both molecules, may cause such an effect. Because the plot of log ^compieX vs. 
1/T does not show any anomalies it seems that these phenomena are not related 
to each other. The slightly higher rate of dynamic quenching of the Cu2 + -
treated enzyme is in agreement with the more polar environment of the flavin. 
The activation energies, calculated from the Arrhenius plot, are 9.8 kcal/ 
mole for the quenching in the copper-modified enzyme and 9.6 kcal/mole for 
the high temperature form of lipoamide dehydrogenase, which changes to 11.8 
kcal/mole below the transition temperature. The values of A H for the complex 
formation were -840 cal/mole for the native enzyme and -650 cal/mole for 
the copper - modified enzyme, respectively. The AS values were -2.5 e.u. and 
1.6 e.u., respectively. The negative values for AH point to the fact that the 
degree of complex formation with FAD decreases with a decrease in temperature. 
There are some indirect indications from the literature that this may be the 
case. MASSEY and VEEGER (1961) found that the red flavin semiquinone, formed 
by transfer of 2 electrons from NADH under anaerobic conditions at 25°, 
gradually changes to a 4 electron reduced green form, possibly a charge-
transfer complex between FADH2 and NAD + , on incubation at 6e. A similar 
4 el. reduced compound is formed with the copper-modified enzyme independent 
of the temperature. 
On the basis of the equations of EINSTEIN (1906) for the brownian rotational 
movement, PERRIN (1926) has compared the fluorescence lifetime with these 
rotations. The degree of rotation during the lifetime of the excited state is 
indicated by the degree of fluorescence depolarization of the fluorescent dye 
excited with polarized light. He derived the following formula : 
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l/p - 1/3 = ( 1 / ^ - 1/3) (1 + l1 + riv) (4.23) 
in which p„ is the limiting polarization, obtained at vanishingly small lifetime 
or in rigid media. In practice, the effect of viscosity change on the polarization 
was studied. We have measured directly the effect of a change in lifetime on the 
polarization. Fig. 4.10 shows the effect of increasing amounts of KI on the 
lifetime and the polarization of FMN in 0.1 M phosphate buffer, pH 7.0 at two 
different wavelengths, corresponding to different directions of the dipole oscil-
lators in absorption of the flavin molecule (FÖRSTER, 1951). Though the plot is 
perfectly linear up to 0.1 nsec, the limiting polarizations, obtained on extra-
polation to zero lifetime, do not agree with the polarizations found in solvents 
with very high viscosity. These were respectively 0.18 and 0.29 at 366 and 436 
nm, while a solution of the same concentration FMN, 2.2.10~5 M, in ethylene 
glycol at -40° gave pm values of 0.33 and 0.46 respectively. The latter value is 
lifetime (nsec) 
FIG. 4.10. The effect of I - on the FMN fluorescence. The FMN concentration was 2.2.10~5 M. 
Solutions were in 0.1 M phosphate buffer, pH 7.0. KI concentrations ranged from 
zero to 0.433 M. Lifetimes were determined as described in section 4.2.2. The tem-
perature was 20.0°, • • •, excitation at 366 nm; O O O, excitation at 436 nm. 
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I/P-'A 
FIG. 4.11. The effect of temperature change on the polarization of the fluorescence of FMN 
and FAD. Solutions were in 0.1 M phosphate buffer, pH 7.0. The temperature 
range studied was 3.0°-31.5°. The lifetimes were determined as described in section 
4.2.2. The viscosities were taken from the International Critical Tables. • • • 
2.6.10"5 M FMN; O O O 2.4.10"5 M FAD. 
close to the theoretically expected value of 0.50, when the directions of the 
absorption and emission oscillator are parallel. 
PERRIN (1926) already found deviations from a linear relation between l/p 
and RT/Vrj by varying the viscosity, at low viscosities. This was attributed by 
him to either a change in lifetime, upon changing the composition of the solvent, 
to deviation from a spherical particle on which the derivation of his equation 
was based or to the existence of a dark interval between absorption and emission. 
In all cases, also in more recent publications (WEBER 1950), the deviation at low 
viscosity was such that a lower polarization was observed than could be ex-
pected. This is also the case in our experiments. 
The effect of KI addition on the polarization has also been studied by PERRIN 
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(1926). He found polarizations as high as 0.40 for fluoresceine in the presence 
of 6 M KI. The effect on the viscosity and even on the effective molecular volume 
make it difficult to ascribe this high p-value to pure dynamic quenching and 
thus to a very small lifetime. WEBER (1948) has also studied the effect of KI on 
the polarization and the ratio of the fluorescence yield of riboflavin before and 
after addition of the quencher. He found similar deviations as described for 
our experiments, i.e. too low p-values, by plotting 1/p vs. 1/1°. If the quenching 
by I - is pure dynamic, such a plot is, according to eq. 4.22 equivalent to a plot 
of 1/p vs T/T0. Table 4.1 shows that equation 4.22 is obeyed in the case of the 
quenching of FMN fluorescence by I - . Weber attributed the deviation to the 
existence of a short-living complex or to the existence of a dark interval be-
tween excitation and emission. A short-lived complex could be considered, 
according to FRANK and WAWILOV (1931), in terms of an interaction sphere 
around the fluorescent molecule. Within this sphere the fluorescence is comple-
tely quenched, while outside this sphere the quencher has no effect on the 
fluorescence. In such case, however, a deviation from eq. 4.22 is found, which 
is apparently not the case. The existence of a dark interval is difficult to visualize. 
It may be present in the case of delayed fluorescence (CALVERT and PITTS, 
1966, p. 313). A very short dark interval, in the order of 10~13 sec, may be present 
if excitation occurs to higher singlet states. PERRIN (1926) calculated that a 
dark period of ca. 0.1 nsec could explain the deviations found by him. Because 
both the Perrin law and the lifetime measurements are based on a true ex-
ponential decay curve, any deviation from such a curve may cause deviations in 
the Perrin plot. Lifetimes based on demodulation measurements, however, did 
not indicate deviations from an exponential decay1. 
Finally a change in r\ and V on addition of KI should be considered. Such a 
change should be inversely proportional to the concentration of KI. A decrease 
of V on addition of KI is difficult to visualize due to the small dehydrating 
effect of the H o n . The effect of KI on the viscosity of water is negligible 
(LANDBOLT-BORNSTEIN, Physical Chemical Tables). 
The effect of temperature variation on the polarization and lifetime of FMN, 
FAD and lipoamide dehydrogenase was also studied. Figure 4.11 shows the 
TT 
results for FAD and FMN by plotting 1/p — 1/3 vs —. The extrapolated values 
were again too low: 0.09 for FMN and 0.12 for FAD (excitation was at 366 
nm). The effects of temperature on the polarization of lipoamide dehydrogenase 
were too small to give meaningful results. The general tendency was a small 
, . . . ,. . . TT 
increase in polarization with an increase m —. 
•») 
From the slope of the lines in figure 4.10 and 4.11 one can calculate the 
1
 Another possibility which arose from a discussion with prof. Weber is the fast rearangement 
of the water dipoles or the I~ ions according to the new charge distribution in the excited state. 
This may influence the direction of the dipole oscillator of emission and may lead to a small 
depolarization, as is observed. At vanishingly small lifetimes such a rearrangement is no longer 
possible and the true Poo is found. 
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effective molecular volume V and the rotational relaxation time p. The latter 
value is calculated from the value of V according to the relation of EINSTEIN 
(1906) for a sphere: 
3rçV 
RT 
(4.24) 
Assuming that the slope is real, but using a.p value of 0.46 resp. 0.33 from fig. 
4.10 a molecular volume of 440 cm3 resp. 430 cm3 was found for FMN, leading 
TABLE 4.1. The quenching of FMN by I - and ß-naphtalenesulfonate. 
The FMN concentration was 2.2.10-5 M. Solutions in water contained 0.1 M 
phosphate buffer, pH 7.0. The lifetimes and rel. quantum yields were determined as described 
in section 4.2.1. and 4.2.3. 
Solvent 
Water 
Water 
Formamide 
Quencher 
1-
ß-Naphtalene-
sulfonate 
ß-Naphtalene-
sulfonate 
Cone. 
mM 
1.67 
3.33 
6.67 
13.3 
26.7 
50.0 
66.7 
100.0 
133.3 
200.0 
266.7 
433.3 
6.7 
10 
15 
20 
30 
40 
50 
67 
80 
100 
120 
133 
5 
10 
20 
40 
80 
133 
200 
267 
Io/I 
1.04 
1.09 
1.18 
1.38 
1.88 
2.64 
3.29 
4.86 
6.61 
11.1 
16.9 
39.5 
1.57 
1.88 
2.42 
3.01 
4.41 
6.11 
8.13 
12.2 
17.3 
25.0 
33.4 
39.5 
1.01 
1.03 
1.08 
1.16 
1.38 
1.68 
2.13 
2.62 
TO/T 
1.04 
1.11 
1.17 
1.33 
1.69 
2.35 
2.87 
4.13 
5.23 
9.82 
15.3 
40.3 ± 10% 
1.05 
1.09 
1.15 
1.20 
1.34 
1.44 
1.62 
1.72 
1.90 
2.09 
2.17 
2.25 
1.00 
1.01 
1.02 
1.07 
1.18 
1.31 
1.48 
1.61 
Meded. Landbouwhogeschool Wageningen 70-1 (1970) 59 
to a p value of 0.52 nsec. A similar calculation with the data from fig. 4.11 gives a 
molecular volume of 546 for F M N and 675 for F A D , with p values of 0.65 resp. 
0.81 nsec. These values compare rather well with the value of 560 cm 3 given by 
WEBER (1950) for riboflavin. A small change in the slope of the lines, e.g. in such 
a way that extrapolation to p^ = 0.46 resp. 0.33 is obtained, did not lead to 
significant deviations from the values for V and p. A variation in p^ however, 
i.e. by using the values obtained by extrapolation of the lines in Figs. 4.10 and 
4.11, leads to inconsistent values of V and p. This also illustrates the deviation 
from the Perrin equation at low viscosities. However the significance of the 
values given above for V and p does not allow too much emphasis. 
Table 4.1 shows the effect of different quenchers on I/I0 and T/T0 . According 
to eq. 4.22 these values should be equal in the case of pure dynamic quenching. 
In the case a long-lived complex is formed the lifetime is not influenced, so 
that T/T0 = 1 at each I/I0 value. With shorter living complexes intermediate 
values are found. WEBER (1966) reported that ß-naphtalene sulfonate and 
similar compounds formed complexes with flavins in water, but not in other 
media. He calculated T/T0 from polarization measurements, according to 
T 1/P0 - 1/Poo 
T0 1/p - 1/p«, 
a formula, derived from the Perrin equation, 4.23. His findings were confirmed, 
though these experiments indicate complex formation also in formamide. 
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5. T H E E F F E C T O F L I G H T O N F L A V O P R O T E I N S 
I N T H E P R E S E N C E O F a - K E T O A C I D S 
5.1. INTRODUCTION 
Many photochemical reactions have been described in which isoalloxazines 
participate (for a recent review see PENZER and RADDA, 1967). Different me-
chanisms seem to be applicable to anaerobic and aerobic photochemistry, but 
in both cases it is likely that the flavin triplet state is involved. Evidence for this 
is mainly based on two considerations. First, the rates of the reactions are con-
siderably reduced by the addition of paramagnetic species, such as paramag-
netic metal ions and 0 2 , and by I - in concentrations where the fluorescence, 
indicative of the involvement of the lowest excited singlet state (see section 4.2.1) 
is not quenched (HOLMSTRÖM and OSTER, 1961; PENZER and RADDA, 1968). 
Secondly, from a comparison between the rates of the reactions and the quan-
tum yields, it was concluded that the minimum lifetime of the excited species, 
leading to the photochemical reactions, should be 10~3-10~5 sec. (HOLMSTRÖM 
and OSTER, 1961; R A D D A and CALVIN, 1964). This excludes the involvement of 
the lowest excited singlet as the chemically active species, because it has a life-
time in the nanosecond range (DE K O K et al., 1968; this thesis, chapter 4.3). 
Well known examples of photochemical reactions of isoalloxazines are the 
anaerobic photoreductions in the presence of electron-donors such as amines 
and amino acids (FRISELL et al., 1959), methionine (ENNS and BURGESS, 1965), 
N A D H and EDTA ( R A D D A and CALVIN, 1964). From flash photolysis experi-
ments, HOLMSTRÖM (1964) concluded that, at least in the reaction of F M N with 
EDTA, photoreduction took place in two one-electron steps via the flavin 
semiquinone. From a comparison of the rates of semiquinone formation and 
photoreduction he excluded the possibility that the semiquinone was formed via 
the disproportionation reaction 
F M N H 2 + F M N ^ 2 F M N H ' (5.1) 
To the same conclusion came MASSEY and PALMER (1966) in a study on the 
photochemical reduction of flavoproteins by EDTA. In this case and with 
other photoreductants ( M C C O R M I C K et al., 1967; DE K O K and VEEGER, 1967) 
the protein-bound semiquinone is in most cases stable towards further irra-
diation. 
M C C O R M I C K et al. (1967) found that the photoreduction on irradiation at 
450 nm of D- and L-amino acid oxidase in the presence of EDTA, but not of 
some other flavoproteins, such as glucose oxidase and D-oxynitrilase, could be 
enhanced considerably upon the addition of the free flavin coenzymes. They 
suggested that this could be caused by an exchange reaction between the 
enzyme-bound F A D and free FADH° in the amino acid oxidases, though they 
could not exclude the possibility of a direct electron-transfer to the enzyme-
bound F A D . To me, this latter possibility seems much more likely, as the 
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exchange reaction requires 3 reactions, 2 of them with unfavourable equilibrium 
positions. 
In the absence of added electron donors, photodestruction occurs by ab-
straction of electrons or hydrogen atoms from the ribityl side chain, when 
present (HOLMSTRÖM and OSTER, 1961 ; MOORE et al., 1963). 
Under aerobic conditions isoalloxazines act catalytically on the photooxi-
dation of a variety of substances. The mechanism of these reactions is much less 
understood. It has been suggested that the flavin triplet energy is transferred to 
oxygen, which is a well known triplet quencher, resulting in the formation of 
singlet oxygen as the active species (KAUTSKY et al., 1931 ; FOOTE et al., 1968). 
Evidence is accumulating that singlet oxygen may play a role in many oxidation 
reactions. Energy transfer from singlet oxygen, produced in a dark reaction, to 
ground state acceptors followed by light emission, is seen as one possible ex-
planation for the occurrence of chemi- and bioluminescence (BOWEN, 1968; 
HASTINGS, 1968). In most cases, however, alternative mechanisms for the aerobic 
photooxidation are proposed, which are more analogous to the anaerobic 
photoreduction i.e. electron abstraction from the donor by the flavin triplet is 
followed by reoxidation and formation of hydrogen peroxyde. 
Energy transfer reactions are also known. POSTHUMA and BERENDS (1960, 
1961) have discribed the photosensitized destruction of pimaricine and the 
cis-trans isomerization of stilbene-4-carboxylic acid in this way. Energy transfer 
from a higher triplet state, resulting from a biphotonic process, to solvent mole-
cules such as ethanol, has also been discussed (LHOSTE et al., 1966). 
Extrinsic or intrinsic factors which influence the population of the triplet 
level should influence also the photochemical reactivity. Direct information 
about the triplet level can only be obtained from phosphorescence measure-
ments, which have to be carried out at low temperatures in rigid media and are 
therefore difficult to compare with actual experimental conditions. B O W D et al. 
(1968) have suggested that the rate of intersystem crossing increases in the order 
lumiflavin, riboflavin, F M N , due to the increasing perturbing influence of the 
side chain on the singlet and triplet character of the excited states. They found 
that the phosphorescence lifetimes increased in the above mentioned order as 
did the rate of photochemical dehydrogenation of ergosterol (TETHER and 
TURNBULL, 1962). R A D D A and CALVIN (1964) found however that the rate of 
photochemical reduction of lumiflavin, riboflavin and F M N by EDTA was the 
same within experimental error. Though this may point to a difference in me-
chanism, the triplet state is probably involved in both cases. The decrease in 
fluorescence yield and lifetime of F M N with respect to lumiflavin (see section 
4.3) may be an indication of the same phenomenon, though an increase in the 
rate of internal quenching of the isoalloxazine fluorescence by the side chain 
cannot be excluded. 
The decrease in photochemical activity of F A D with respect to F M N has 
been attributed to the formation of an internal complex between the isoallo-
xazine and adenine moieties (WEBER, 1950). The addition of urea restored 
part of the photochemical activity (TETHER and TURNBULL, 1962; PENZER and 
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RADDA, 1968) by opening of the complex, as indicated by the increase of 
fluorescence or change in optical rotation. The effects of quenchers on the photo-
chemical activity and on the fluorescence are not related due to the difference in 
lifetime and electronic configuration of the states involved (RADDA, 1966). 
Some compounds which inhibit the photochemical activity over 90%, quench 
the fluorescence only slightly. On the other hand, the flavin fluorescence in en-
zymes as L-amino acid oxidase is completely quenched, though they are photo-
chemically active (MASSEY and PALMER, 1966; MCCORMICK et al., 1968) and, 
as this study shows, even more active than free FAD. Therefore a generalization 
cannot be made and the photochemical activity will depend apart from the 
triplet level population on the type of reaction studied. 
Recently a completely new type of photochemical reaction of free and pro-
tein-bound flavins has been reported (HEMMERICH et al., 1967; DE KOK and 
VEEGER, 1967). Irradiation with visible light of isoalloxazines with a number of 
aromatic carboxylic acids resulted in the formation of N-5 and C-4a addition 
compounds under decarboxylation (HEMMERICH et al., 1967; WALKER, 1967). 
The mechanism is thought to be similar to that of photoreduction, i.e. electron 
abstraction leading to formation of a reactive fragment, which binds to the 
isoalloxazine under decarboxylation, though the order of events has not been 
established. 
A similar type of reaction, including those with flavoproteins, is described in 
this chapter. The reaction of L- and D-amino acid oxidase with a-keto acids 
leads either to reversible photoreduction or to the formation of N-5-acyl com-
pounds, depending on the excitation wavelength. The photochemical addition 
reactions described here are faster and more specific with the flavoproteins than 
with the free coenzyme and depend on the binding of the keto acid to the enzyme. 
The significance of these reactions for flavoprotein catalysis in general is dis-
cussed. Parts of this work has been published elsewhere (DE KOK and VEEGER, 
1967;DEKoKetal., 1969). 
5.2. METHODS AND MATERIALS 
L-amino acid oxidase was prepared as described in section 2.2. D-amino 
acid oxidase was prepared by the method described by MASSEY et al. (1961). The 
final enzyme preparation was made benzoate-free by the method of YAGI and 
OZOWA (1962). The enzyme preparation had a minimum specific activity of 
200 /iL 02/min. per mg. protein as measured under standard conditions 
(BURTON, 1951). Glucose oxidase was obtained from Boehringer. 
FAD and jß-phenylpyruvate were from Sigma Chemical Cy. a-ketoisoca-
proate was from Fluka, sodium pyruvate and DL-a-hydroxyisocaproate from 
Boehringer and phenylglyoxylic acid (benzoylformic acid) was from Aldrich. 
Sodium (3- 14C-) pyruvate with a specific activity of 6.5 mC/mM was obtained 
from the Radiochemical Centre, England. Other chemicals used were Reagent 
Grade. 
Irradiation vessels used were 3 ml Thunberg spectrophotometer cells with a 
path length of 1 cm. The cuvettes were made anaerobic by repeated flushing with 
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pyrogallol treated N2 . On the cuvettes a titration assembly could be attached. 
The irradiation apparatus was part of a Zeiss spectro-fluorimeter. Light of a 
stabilized 500 W Xenonlamp was via a heat filter diffracted by a prism mono-
chromator. The cuvette was placed in a thermostated holder, equipped with a 
magnetic stirring motor. Absorption spectra were measured with a Cary model 
14 recording spectrophotometer. 
Electron spin resonance measurements were performed with a Varian 4500-
10A X-band spectrometer. For cooling to liquid nitrogen temperatures the 
Varian V 4546 liquid nitrogen accessory was used. 
For intensity measurements the ferrioxalate actinometer, as described by 
HATCHARD and PARKER (1956) was used. This gives the intensity of the light 
just inside the front face of the cuvette in quanta/sec. Because the quantum 
yield of Fe2 + formation varies only slightly and continuously with wavelength, 
the intensity was calculated at the midpoint of the band of wavelengths used 
(CALVERT and PITTS, 1966, p. 783). These measurements were performed with a 
red safelight. 
Action spectra were taken as follows. The solutions were made anaerobic and 
placed in the cuvette holder, which was thermostated at 10°. A magnetic stirring 
bar was added to the solution prior to evacuation. In the case of the enzyme 
solutions, the slitwidth was set at 2.0 mm. The bandwidth at the different 
wavelengths of irradiation is given in table 5.1. At 490 nm, the slitwidth was 
reduced to 1.0 mm, giving a bandwidth of 20 nm. In the case of the 3-methyl-
lumiflavin solutions, the slitwidth was set at 1.0 mm, except at the lowest wave-
length, where 2.0 mm was used. At different time intervals, the spectra were 
recorded on the Cary 14 spectrophotometer. The irradiation was continued 
until a reduction of 50 % ± 2 % was achieved. Oxygen was then admitted to the 
cuvette and after 10 minutes the spectrum was again recorded. Immediately 
afterwards, the cell was filled with the actinometer solution and irradiated under 
the same conditions. Below 420 nm a 0.006 M solution of potassiumferrioxalate 
was used, while above this wavelength a 0.15 M solution was used. The quan-
tum efficiency is expressed as the total number of flavin molecules reacted 
divided by the total number of quanta incident on the cell. 
Autoradiography was done as follows. The chromatograms were covered 
with a 'Melinex' polyester film (ICI, thickness 6.25 /i) to avoid chemical reac-
tions on the film plate. A Kodak medical X-ray no screen film was placed on the 
chromatogram. The exposure time was 5 days. The dark spots on the film plate 
were encircled via transparant paper on the chromatographic plate. The radio-
active materials, thus localized on the plate, were scratched off and transferred 
to a counting vial, filled with 2 ml of distilled water and 1 ml of ethanol. After 
2 days scintillation liquid was added, which contained per liter : 
800 ml dioxan 
160 ml ethyleneglycolmonoethylether 
48 g naphthalene 
9.6 g 2.5 diphenyloxazole (PPO) 
0.48 g 1.4-bis-2-(5-phenyloxazolyl)-benzene (POPOP) 
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The radioactivity in each vial was determined with a Packard Tri-Carb liquid 
scintillation spectrometer. Samples were counted for at least 10 minutes at 0° 
and corrected for quenching. The radioactivity of the spots was expressed as a 
percentage of the total radioactivity on the chromatogram. 
5.3. RESULTS 
WELLNER and MEISTER (1960a) described the formation of a spectrally 
detectable species upon the exposure of L-amino acid oxidase, fully reduced by 
either substrate or dithionite, to low oxygen concentrations. This species was 
stable in the presence of substrate, but could be oxidized further to the fully 
oxidized enzyme. They attributed this species first to a complex of the reduced 
enzyme with oxygen and later to a form of the enzyme in which half of the flavin 
was reduced and half of it was oxidized (WELLNER and MEISTER, 1961). The 
resultant spectrum was ascribed to an interaction of both flavins. 
MASSEY and CURTI (1967) showed, however, that a similar spectrum could be 
obtained anearobically from a mixture of oxidized and reduced L-amino acid 
oxidase, according to the disproportionation reaction 5.1, but at a much re-
duced rate. They excluded the possibility that this species was an intermediate in 
the catalytic reaction, as suggested by WELLNER and MEISTER. 
We found that the rate of formation of this species with respect to its rate of 
decomposition into the fully oxidized enzyme could be enhanced considerably 
by illumination with light at wavelength below 500 nm. A still larger amount of 
the species accumulated on irradiation under anaerobic conditions, at low sub-
strate concentration, but in the presence of an excess of one of the products of 
the enzymatic reaction, the a-keto acid. 
The above mentioned species was rather stable to further irradiation. Its 
spectrum showed a shoulder at 375 nm, maxima at 385 nm and 485 nm and some 
absorption above 540 nm (Figure 5.1). This spectrum did not change upon the 
addition of urea to a final concentration of 5.6 M. It showed an EPR signal at g = 
2.00. Due to the low spin concentration, no indication could be obtained about 
a possible interaction of the spins of both flavins (MEISTER and WELLNER, 1966). 
A similar spectrum was obtained upon anaerobic titration of L-amino acid 
oxidase with sodium dithionite (figure 5.2). It was stable in the presence of 
substrate and showed an EPR signal at g = 2.00. The stability of the semiqui-
none in the presence of substrate indicates that the disproportionation equili-
brium is far to the semiquinone side, in contrast to free flavin coenzymes. A 
similar observation was made by MASSEY and CURTI (1967) upon the addition 
of substrate to the semiquinone, produced by irradiation of the enzyme in the 
presence of EDTA. 
This reaction was also found with D-alanine reduced D-amino acid oxidase 
upon the addition of pyruvate. In this case, however, a significant denaturation 
leading to turbidity took place. These reactions were independent on the nature 
of the a-keto acid added. In all these cases presumably the same species, known 
as the red semiquinone is formed. 
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Wavelength (nm) 
FIG. 5.1. The effect of light on the spectrum of L-amino acid oxidase in the presence of 
a-ketoisocaproate. Temperature, 25°; anaerobic conditions. , spectrum of 
1.4.10-5 M L-amino acid oxidase and 5.10-2 M a-ketoisocaproate in 0.2 M Tris-
HC1 buffer, pH 8.5.; -.-.— after the addition of 1.6 (xmoles L-leucine; , after 
2 minutes illumination with visible light from a 500 W Xenon lamp. 
The same reaction occurred upon irradiation of glucose oxidase after reduc-
tion with glucose (Fig. 5.3). With this enzyme two forms of the semiquinone with 
different spectra are obtainable, dependent on the pH. Below pH 7.0 the blue 
or neutral semiquinone is formed, while at high pH the red or semiquinone 
anion is obtained (MASSEY et al., 1966; MASSEY and PALMER, 1966). The spec-
trum of Fig. 5.3 is obtained at pH 7.5 and shows intermediate characteristics. 
On irradiation of anaerobic solutions of L-amino acid oxidase and 0.1 M 
a-ketoisocaproate in 0.1 M TRIS-HC1 buffer, pH 8.6 with visible light an 
extensive photoreduction took place, which was only in part reversible on ad-
mission of oxygen (Fig. 5.4). A study of the wavelength dependency of the ex-
citing light showed, that the rate of the reversible photoreduction reaction, 
leading to the same semiquinoid species as described above, reached a maximum 
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Wavelength (nm) 
FIG. 5.2. Subsequent stadia of the anaerobic reduction of L-amino-acid oxidase with sodium 
dithionite. Enzyme concentration 1.2.10"5 M in 0.2 M Tris-HCl buffer, pH 7.4. 
Values indicated are % reduction. 
at 320-340 nm (Table 5.1). At this wavelength the absorption of the flavin has 
a minimum, whereas the n-n* transition probability of the a-keto acid has a 
maximum. Fig. 5.5 shows the action spectrum of this reaction. This reaction 
was not only found with a-ketoisocaproate but with all other a-keto acids studi-
ed, such as pyruvate, jS-phenylpyruvate and phenylglyoxylate. No reaction was 
found in the absence of a-keto acids. D-amino acid oxidase showed a similar 
wavelength dependency as L-amino acid oxidase of the reversible reaction (see 
Fig. 5.7), resulting in the formation of the red semiquinone (Fig. 5.6). In this 
case a slow reaction was also found in the absence of the ketoacid (cf. WATARI 
et al., 1966). In the system of oxidized enzyme and keto-acid almost no in-
activation was observed. Some inactivation, observed with L-amino acid oxi-
dase (see Table 5.1) at 320 nm may be due to the high temperature and pH of 
the reaction mixture (see section 2.3.2). 
In the case of L-amino acid oxidase, the rate of the irreversible photoreduc-
tion reached a maximum with light between 360 and 380 nm. Above 420 nm 
almost no reaction took place (see Fig. 5.5). With pyruvate, the rate of the irre-
versible reaction was at all wavelengths studied, smaller than the reversible 
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FIG. 5.3. The effect of light on the spectrum of glucose oxidase. , spectrum of 0.07 
(j.moles glucose oxidase in 0.1 M phosphate buffer, pH 7.5. , after the anaerobic 
addition of 100 [xmoles D-glucose. , after 90 sec irradiation with visible light 
of a 500 W Xenon lamp. 
photoreduction and almost zero above 420 nm. Phenylglyoxylate was almost 
inactive between 300 and 500 nm, due to the high extinction coefficient of this 
keto acid below 400 nm. 
The irreversible photoreduction of L-amino acid oxidase with keto acids is in 
sharp contrast with that of D-amino acid oxidase (Fig. 5.7). In the latter case, 
the action spectrum of the reduction by pyruvate follows the absorption spec-
trum of the flavin. With phenylglyoxylate only the 450 band of the flavin is ob-
served, which may again be due to the inner filter effect of this keto acid below 
400 nm. 
The reaction of free FAD with pyruvate was almost negligable, but this 
coenzyme could be photoreduced by phenylglyoxylate at a much reduced 
rate. The reaction of 3-methyl-lumiflavin with these keto acids was much faster 
and with phenylglyoxylate even faster than with the enzymes. Action spectra 
are shown in Fig. 5.8 and 5.9. Both the reversible and the irreversible reaction 
follow the absorption spectrum of the flavin in this case. The percentage of 
irreversible photoreduction clearly depends on the type of keto acid used : it is 
much higher with phenylglyoxylate than with pyruvate. The photochemical 
reactions described above are summarized in Table 5.2. 
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FIG. 5.4. The effect of light on the spectrum of L-amino acid oxidase. 0.05 umoles of enzyme 
in 0.2 M Tris-HCl, pH 8.5 was irradiated with visible light from a 500 W Xenon 
lamp under anaerobic conditions in the presence of 200 (xmoles a-ketoisocaproate. 
The solid lines show subsequent stadia of photoreduction after the time of irra-
diation, indicated in seconds. — , after the subsequent admission of oxygen. 
TABLE 5.1. The effect of light of different wavelengths on the reaction of L-amino acid oxidase 
with a-ketoisocaproate. 
Wavelength 
range 
(nm) 
237-243 
275-285 
293-307 
312-329 
330-351 
348-373 
374^07 
434-490 
Quanta 
x 10~18 
2.0 
2.6 
3.4 
3.2 
5.4 
9.0 
<^ >15 
% Decrease in 
at 385 nm 
without 
o2 
0 
6 
-24 
-35 
-25 
5 
55 
7 
after 
admission 
of 0 2 
0 
19 
5 
4 
7 
13 
50 
6 
absorbance 
at 460 nm 
without after 
0 2 admission 
0 
56 
69 
70 
72 
75 
71 
7 
of 0 2 
0 
25 
9 
6 
9 
17 
58 
6 
% Decrease 
m 
activity 
0 
48 (75) 
17(66) 
9(42) 
10 (14) 
35 (27) 
77 (29) 
11(12) 
The enzyme concentration was 3.1.10~6M, the a-ketoisocaproate concentration was 1.2.10~2M. 
Solutions were made in 0.2 M Tris-HCl buffer (pH 8.5). The temperature was held constant at 
25°. Activities were determined after the admission of o? ygen by the method of WELLNER and 
MEISTER (1960b). The values between parenthesis are the % decrease in activity when no keto 
acid was present in the reaction mixture. No significant spectral changes were found in this 
case. 
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FIG. 5.5. Action spectrum of the anaerobic photoreduction of L-amino acid oxidase by 
a-ketoisocaproic acid. For explanation of procedure see section 5.2. The L-amino 
acid oxidase concentration was 1.4.10-5 M, the a-ketoisocaproate concentration 
was 0.05 M. Solutions were in 0.1 M Tris-HCl buffer, pH 8.1. , Absorption 
spectrum of 1.4.10-5 M L-amino acid oxidase -.—.-, absorption spectrum of 0.01 M 
a-ketoisocaproate. O O O, action spectrum of the irreversible photoreduction. 
• • •, action spectrum of the reversible photoreduction. 
It was further found that the rate of the irreversible photoreduction of D-amino 
acid oxidase by pyruvate at 390 nm was not inhibited by oxygen, Cu2 + (10~4 M) 
and I-" (10~4 M), whereas the irreversible photoreduction of 3-methyl-lumi-
flavin by phenylglyoxylate was inhibited about 40% by oxygen and, under 
anaerobic conditions both the reversible and the irreversible photoreduction 
were inhibited by Cu2+ ions (10~4 M) to the same extent. 
The spectral changes of the irreversible reduced enzymes resemble those 
obtained on partial substrate reduction. However, no reoxidation took place 
upon the admission of oxygen and an extensive inactivation was observed 
(Table 5.1.). The flavin remained in an apparent reduced state after dialysis 
and subsequent deproteinization. No change in the sedimentation rate of the 
protein was observed with L-amino acid oxidase. A return of the enzymatic 
activity was not observed on storage for some months at 4° in the dark. 
In order to identify the reaction products, resulting from irreversible photo-
reduction, the flavin mixture, obtained after deproteinization, was concentrated 
by freeze-drying. After thin-layer chromatography on cellulose (solvent: 
n-butanol-acetic acid-water, 4:1: 5, organic phase) the material was scratched off 
70 Meded. Landbouwhogeschool Wageningen 70-1 (1970) 
e 
c 
o (N 
m 
(S 
C 
O 
3 
-o 
o 
o 
OH 
e 
u 
'S 1 S 
1 x 3 
S3 
cö 
3 
O" 
^ 
> 2 
u 
e 
E 8 
00 
d 
o 
ö 
o 
ö 
o 
o 
ö 
o 
> 
U3 
o 
SC 
o, 
M 
ta 
•O « T3 — 
3 
-O 
tu i l* 
» g o , 
O - S 
3îa 
S X 
« » o, 
E -2 c 
— S te 
— . 0 3 
•S M u 
<u —< -~ 
? & ! 
- S 
o
 rt 
+ S 
X a, 
-0 
_ S o 
9 5 * 
< 3 -o 
o « S 
""! o « 
2 + © 
S o. 
-3 u-
x ta 
P 3 
£••0 
< c Ä [L 4) û ^ .fi cfl 
»1 5 o< 
? + © 
œ 0, 
XI 
_ o-
es S5 
> 2 
d o, 
>> o 
o, b 
Ô = S 
• © « 
2 + é 
° « M 
« X u 
2 >,« 
•g M o, 
c — ss 
c3 >> O 
" o „ 
!2 " 
o 
•o 
'G 
as 
O 
C 
Ë 
tS 
1 
1-4 
S 
1 
O 
^ »n 
00 
X 
u O 
es r-T 
i <-> 
Ie? 
s-a 
- s 0 , _ , 
+ ë-
'1 
0 
, 0 
5 
cS 
j 
S 
« 
1 
O 
^ 
""! 
0 , • 
C3 00 
0 K 
.2 a 
2 r i 
« U 
1 *7 
ss 0 „ 
+ ë 
o 4> 
I "BÖ 
•j S a 
o - S 
" o ,_ 
2+ë 
Meded. Landbouwhogeschool Wageningen 70-1 (1970) 71 
Wavelength (um) 
FIG. 5.6. The effect of light on the spectrum of D-amino acid oxidase. , spectrum of 
0.06 (xmoles of enzyme and 50 (xmoles of pyruvate in 0.1 M pyrophosphate buffer, 
pH 8.3. Volume 2.0 ml; anaerobic conditions. after 2 hours of irradiation with 
light of 312-329 nm. 
the plate in fractions and eluted with water. Three fractions showed normal 
flavin spectra and correspond in Rf value to FAD, FMN and possibly lumi-
flavin. The spectrum of one fraction with a Rf value of 0.56 had a relatively low 
absorbance in the visible region, a shoulder at 310 nm and a maximum at 260 
nm (Fig. 5.10). This spectrum gradually changed into the spectrum of FAD 
upon storage at 4° in the dark. Rechromatography in the same solvent revealed 
a spot with a Rf value of 0.12, which was identical to pure FAD. Recombination 
with D-amino acid oxidase apoprotein confirmed that the accumulated flavin 
was FAD. 
In order to proof that an addition reaction took place between the enzyme-
bound FAD and the a-keto acid, the experiment was repeated with (3-14C) 
pyruvate and D-amino acid oxidase. Because of the danger that existed in this 
case that the flavin was dialysed from the protein, the irradiated mixture was 
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Fio. 5.7. Action spectrum of the anaerobic photoreduction of D-amino acid oxidase by 
sodiumpyruvate. For explanation of procedure see section 5.2. Enzyme concentra-
tion: 1.4.10-5 M, pyruvate concentration 0.1 M. Solutions were in 0.1 M pyrophos-
phate buffer, pH 8.1. , absorption spectrum of 1.4.10~5 M D-amino acid oxidase. 
, absorption spectrum of 0.01 M sodium pyruvate. O O O, action spectrum of 
the irreversible photoreduction. • • •, action spectrum of the reversible photo-
reduction. 
directly deproteinized by heating for 5 minutes at 100° in the dark. It was later 
found that extensive dialysis of the irradiated protein did not result in appre-
ciable losses of the coenzyme, in contrast with the native enzyme, which looses 
about half of its FAD on dialysis (VEEGER et al., 1966). 
After centrifugation, the flavins were extracted with small amounts of ether-
HC1 until the ether extract showed only minor radioactivity. After chromato-
graphy with the same system as described above, autoradiography was perform-
ed as described in section 5.2. The results are shown in Fig. 5.11. They show 
clearly that the irreversible photoreduction is due to the formation of an addi-
tion compound between the a-keto acid and the FAD. 
To identify this compound further, it was necessary to obtain a larger 
amount, completely free of FAD and other admixtures. Because of the lability 
of this compound towards hydrolysis, an isolation procedure had to be devised 
which avoided extremes in pH. Most operations were also done in a darkened 
room. 
A few hundred mg of D-amino acid oxidase were irradiated in portions of 
20 mg with 0.1 M sodium pyruvate in 0.5% ammonium bicarbonate buffer, 
pH 7.6 as described before and frozen until use. The enzyme was dialyzed against 
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350 400 450 500 Wavelength (nm) 
FIG. 5.8. Action spectrum of the anaerobic photoreduction of 3-methyl lumiflavin by sodium-
pyruvate. For experimental procedure see section 5.2. The 3-methyl-lumiflavinconc. 
was 5.8.10-5 M, the pyruvate cone, was 0.1 M. Solutions were in 0.1 M phosphate 
buffer, pH 7.0. , absorption spectrum of 5.8.10-5 M 3-methyl-lumiflavin , 
absorption spectrum of 0.1 M pyruvate. O O O O, action spectrum of irreversible 
photoreduction. • • • •, action spectrum of reversible photoreduction. 
Ë 
350 400 450 500 
Wavelength (nm) 
FIG. 5.9. Action spectrum of the anaerobic photoreduction of 3-methyl-lumiflavin by sodium 
phenylglyoxylate. For experimental procedure see section 5.2. The solutions con-
tained 5.8.10-5 M 3-methyl-lumiflavin and 0.1 M sodium phenylglyoxylate in 0.1 M 
phosphate buffer, pH 7.0. , absorption spectrum of 5.8.10-5 M 3-methyl-lumi-
flavin , absorption spectrum of 0.1 M sodium phenylglyoxylate. O O O O, 
action spectrum of irreversible photoreduction. • • • • action spectrum of 
the reversible photoreduction. 
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FIG. 5.10. The effect of storage at 4° in the dark on the spectrum af a sample, purified by 
thin-layer chromatography as described in the text after elution of the spot with 
Rf value of 0.56 with 1 M acetic acid. , after 1 day. , after 1 week, after 
6 weeks. 
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radioactivity 
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9.0 
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radioactivity 
FIG. 5.11. Radioautogram of a sample obtained after irradiation at 390 nm of a mixture of 
D-amino acid oxidase and (3-14 C) pyruvate as described in the text. A. Sample 
after ether-HCI extraction of a deproteinized flavin mixture. B. Ether-HCl extract. 
Radioactivity was determined as described in section 5.2. 
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three changes of 200 volumes 0.5% ammonium bicarbonate for 12 hours. Most 
of the protein precipitated after a short heating step (less then 5 minutes in a 
water bath of 100°). After centrifugation, the solution was concentrated by freeze-
drying. The volatile buffer was also removed in this way. Small amounts of 
of protein still present were removed by gel filtration over Sephadex G 50. 
Preparative thin layer chromatography on cellulose (solvent: t-butylalcohol-
water, 60:40) yielded the pure compound. The spectrum is shown in Fig. 5.12. 
It appeared to be identical with that of a compound, prepared by BRÜSTLEIN and 
HEMMERICH (1968) by irradiation of 3-methyl lumiflavin and pyruvic acid, 
except for a higher absorbancy at 260 nm. This was ascribed to the presence of 
adenine and the absorption difference between the two compounds agreed 
within 10% with the calculated amount of adenine. The compound, prepared 
by BRÜSTLEIN and HEMMERICH proved to be identical with 3-methyl 5-acetyl-
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FIG. 5.12. Spectra of N-5-acetyI 1,5 dihydro FAD .-, in 0.1 M phosphate buffer, pH 7.0 
- - -, in 0.2 M KC1-HC1 buffer, pH 1.5. , after the addition of NaN02 to the 
acid buffer (excess HONO was removed by heating and evacuation). 
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1,5-dihydrolumiflavine. Both compounds reacted in the same manner with UV 
light and HONO to form back the starting flavin compound. From this evi-
dence it was concluded that the addition compound, prepared by us was 
identical with N-5-acetyl-l,5-dihydro FAD. 
5.4. DISCUSSION 
Anaerobic photoreduction of flavins with added electron donors has been 
studied in general either at wavelengths where the electron donor does not 
absorb light, i.e. at 450 nm or with total light from a tungsten lamp. In these 
cases it has been assumed that electrons or hydrogen atoms are abstracted 
from the electron donor in the ground state by the excited flavin, probably in 
the triplet state. Due to the low triplet energy of flavins (44 kcal/mole, as calcu-
lated from the wavelength of maximum phosphorescence emission) triplet-
triplet energy transfer from this state to the donor is excluded in most cases. 
From the action spectra of the reversible photoreductions of D- and L-
amino acid oxidase it is clear that the excited state of the a-keto acid is somehow 
involved in the reaction. Though the wavelength dependency was not studied, 
this may also be the case in the photooxidation of the reduced enzymes. 
The photochemistry of carbonyl compounds has been studied in detail 
(TURRO, 1965, p. 139). Intersystem crossing is very efficient in these compounds. 
On excitation of the n-n* band, the carbonyl triplet, which has very strong 
hydrogen abstracting properties, is formed in high yield. This may explain the 
effect of the a-keto acid on the photooxidation of the reduced enzymes. LEER-
MAKERS and VESLEY (1963a, 1963b, 1964) studied the photochemistry of a-keto 
acids. In hydrogen donating organic solvents, such as methanol, photoreduction 
occurs with a quantum yield near 1. A solution of pyruvic acid in water, how-
ever, undergoes decarboxylation to yield acetoin, also with a high quantum 
yield (0.79). The pyruvate anion appears to be much more stable; photo-
decomposition has a quantum yield of C 0 2 formation of 0.04. Reaction pro-
ducts have not been analyzed in this case. Phenylglyoxylic acid in water behaves 
differently: irradiation results in the formation of benzaldehyde and C0 2 . 
Important for these studies are the reactive intermediates in these reactions. 
LEERMAKERS and VESLEY (1963a) suggested the formation of hydroxymethyl-
carbene, CH3-C-OH, from pyruvic acid, probably in the triplet state. Two of 
these fragments could combine to yield acetoin, or alternatively, such a frag-
ment could react with pyruvic acid under formation of acetoin and C0 2 . No 
acetaldehyde was found in the condensed phase, thus making the existence of 
CH3 - C = O less likely. On the other hand, such a species may be stabilized 
by resonance in the case of phenylglyoxylic acid, because here the aldehyde is 
exclusively formed. 
The quantum yield for the reversible photoreduction of D-amino acid oxidase 
by pyruvate and L-amino acid oxidase by a-keto isocaproate is 0.01-0.02. 
This suggests that the reversible photoreduction of the enzymes is caused by the 
reaction products of the excited a-keto acids. This may be either a one electron 
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reduction to form the semiquinone directly or a two electron reduction by a 
reductant, formed in the decomposition reaction of the keto acid, followed by 
hydrogen abstraction by the excited a-keto acid. A small contribution of the 
flavin spectrum to the reversible photoreduction of D-amino acid oxidase is 
found. This is probably caused by internal photoreduction as has been reported 
by WATARI et al (1966), because this reaction is also found in the absence of the 
keto acid. 
Reversible photoreduction of free flavins by keto acids follows a different 
course. The action spectrum for reversible photoreduction of 3-methyllumi-
flavin by pyruvate as well as by phenylglyoxylate is, apart from a disturbance 
at low wavelengths, caused by the trivial absorption of the keto acid, identical 
to the flavin spectrum. This means that in this case the excited state of the flavin, 
rather than the excited state of the keto acid, is involved in the reversible photo-
reduction reaction. The difference in reaction between free and protein-bound 
flavins can be understood if the binding of the keto acid to the enzyme is taken 
into consideration. In solution, the fragments resulting from the decarboxy-
lation of the excited keto acid will react preferentially with other solute mole-
cules to form condensation products or they will react with the solvent, due to 
the great difference in concentration between the keto acid and the flavin. Upon 
the binding of the keto acid to the flavoprotein, however, the reaction with the 
flavin is much more favored. 
Upon the excitation of the flavin apparently both reversible and irreversible 
photoreduction may occur, as is found with the free flavins. The ratio between 
both reactions depends here on the type of keto acid used. With the enzymes, 
the reversible reaction is suppressed, apart from the internal photoreduction of 
the flavin of D-amino acid oxidase. This difference in reaction may be explained 
with the following scheme (Scheme 5.1): 
RCÛC00" CO^  
FLU , F L ' - X [FL-RCOCOCrf J-^[FLH'.....RCO'] >FLH-RCO 
I It 
LH"+ RCO* 
condensation products 
FLH„+rL 
* or 
aldehyde formation 
SCHEME 5.5. Proposed reaction scheme for reversible and irreversible photoreduction. 
It should be noted that the reactive intermediates given in this scheme are 
completely hypothetical. The electron transfer reaction is probably the first step 
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in the chemical reaction sequence as it is common to the reaction of flavins 
with other photoreductants such as EDTA. Further reaction will then depend 
upon the stability of the reactive complex, formed after C 0 2 is split off. Either 
the adduct is formed or the complex dissociates. In the latter case the free 
semiquinone is formed, which rapidly disproportionates in the case of the free 
flavins. With the flavoproteins, the semiquinone is stabilized, while the reaction 
of the RCO radical with solute molecules is probably suppressed, thus leading 
to the exclusive formation of the adduct. In the case of 3-methyl lumiflavin, the 
formation of the adduct will be favored in the case phenylglyoxylic acid is 
used, due to the stabilization of the benzoyl radical through resonance struc-
tures. 
The inhibition of the reactions of free flavins by triplet quenchers does 
suggest that the triplet state is involved. This is less clear for the flavoproteins, 
though it may be argued that in this case the reaction with triplet quenchers is 
hindered by the protein structure. Especially the action spectrum of L-amino 
acid oxidase with ketoacids is difficult to explain if the lowest flavin triplet is 
considered as being the photochemically active species, unless it is assumed that 
both the flavin triplet and the excited keto acid interact which each other. The 
probability of such a reaction seems very low, however. On the other hand, the 
near UV singlet n-n* state or n-n* state (MILES and URRY, 1968; KuRTiNand 
SONG, 1969) of the flavin may also induce the photochemical events. Though in 
many cases it is excluded that excited singlets are involved in photochemical 
reactions, due to the short lifetime of this state, this limitation is not valid in the 
case of complex formation of the reactants in the ground state. 
The fact that in L-amino acid oxidase the longest wavelength band is almost 
photochemically inactive in the case keto acids are used as the photoreductants 
(at 460 nm 4.10-4 moles of flavin are reduced per quantum of light) makes it 
interesting to study also the action spectrum of a nonspecific photochemical 
reductant such as EDTA, or to study the effect of the alteration of the protein 
structure on the action spectrum with keto acids. It may than be decided that 
either the photochemically active excited state of L-amino acid oxidase differs 
from that of D-amino acid oxidase or that the photochemically active excited 
state, resulting from the TC-TC* transition of the 460 nm band is unfavorable in 
this enzyme for interaction with the specifically bound keto acid. 
From Table 5.2 it can be concluded that the quantum yield of the photo-
reduction of free flavins is about equal to that of the flavoproteins and about 
10-20 times higher than that of FAD. However it is difficult at this stage of the 
investigations to draw any conclusions about the structure of the FAD in the 
enzyme with respect to that of the free coenzyme. 
It is generally accepted that flavoproteins act by transferring electrons or 
hydrogen atoms from an activated substrate to an acceptor via the flavin 
moiety. The experiments, described here do indicate that group transfer is also 
possible, though the conditions used here to bring about group transfer reac-
tions, i.e. irradiation, does not seem to have any physiological meaning for non-
photosynthetic tissues. Instead of the excited state of the flavin, however, the 
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semiquinone, formed in the reaction with substrate, may have a similar activity 
with respect to addition at N-5. LHOSTE et al (1966) found that the triplet state of 
flavins has a spin distribution which is rather similar to that of the semiquinone 
radical. On the other hand, in our system no evidence for a dark reaction 
between the semiquinone and pyruvate degradation products was obtained. 
This may be caused by the fact that the degradation products, resulting from the 
excitation of the keto acid, e.g. carbanions, are different from those formed in 
the reaction with the excited flavin, e.g. RCO radicals. 
The N-5-acyl compounds, especially after oxidation to quaternairy ammo-
nium salts, can be considered 'energy-rich' compounds. Hydrolysis of the acyl 
bond in catalysis may supply the free energy to drive the reaction. On the other 
hand, the acyl group may be transferred to compounds such as coenzyme A. 
It will be difficult to make a distinction between hydrogen transfer and group 
transfer by spectroscopic methods and it may well be that in several flavo-
proteins, commonly studied with this method, a reaction intermediate is fixed 
to N-5. As an example we may take the flavoprotein pyruvate oxidase, isolated 
from Escherichia Coli by WILLIAMS and HAGER (1966). In the presence of 
thiaminepyrophosphate and Mg2 + it catalyzes the oxidative decarboxylation 
of pyruvate to acetate. It was found that upon the addition of pyruvate to the 
enzyme, the flavin was completely reduced in a fast reaction, but the reduced 
complex was not oxidizable, unless a particulate, cytochrome containing 
fraction from E. Coli was added. The responsible electron-carrier, cyt b1 ; of this 
fraction (DEEB and HAGER, 1964) was only reduced, however, when another 
soluble fraction was also added. In this enzyme it seems possible that the 
'active acetaldehyde' group, bound to thiaminepyrophosphate (MAHLER and 
CORDES, 1967) is transferred to the flavin to form a N-5-acetyl-l,5-dihydro 
FAD complex. This may be identical to the acetyl-enzyme, originally postulated 
by HAGER et al (1954). After oxidation by cyt bj , the acetyl group may be 
transferred to phosphate to form acetyl phosphate. In this way the formation 
of acetyl phosphate by this enzyme, without the involvement of lipoic acid and 
coenzyme A, which are not present in the enzyme preparation, may be explained. 
The soluble extract may contain acetyl transferase and hydrolase activities, 
necessary for the catalytic activity in vivo. It is remarkable that some other 
flavoproteins with unknown redox properties, such as glyoxalate carboxyligase 
(GUPTA and VENNESLAND, 1964) and acetohydroxy acid synthethase (ST0RMER 
and UMBARGER, 1964) need also thiamine pyrophosphate and Mg2 + for their 
catalytic activity. A N-5 acyl intermediate may also be formed here. 
In many cases such an intermediate may have only a transient existance. The 
stabilization of the semiquinone in lipoamide dehydrogenase by NAD + and 
the lack of an EPR-signal in this semiquinone has been explained in terms of 
interactions at N-5 (VEEGER, 1960) or at C-4a (WALKER, 1967). The lack of EPR 
signals of the semiquinoid intermediates in the enzymatic reaction of L- and 
D-amino acid oxidase, proposed by MASSEY and CURTI (1967) and MASSEY and 
GIBSON (1964), may also be explained in this way. In these flavoproteins kinetic 
studies have indicated the existence of a ternairy complex (MASSEY and CURTI, 
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1967; KOSTER and VEEGER, 1968; VISSER et al, to be published). This complex 
may be formed in the reaction of a suitable electron acceptor with the N-5 
adduct, resulting in splitting off the product, as is the case with our model in the 
reaction with HONO: the N 0 2 + ion removes an electron from the adduct, 
which results in deacylation and formation of FAD. 
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S U M M A R Y 
Chapter 2 gives an account of the effects of pH and competitive inhibitors 
on the enzyme L-amino acid oxidase. Aromatic carboxylates are found to be 
competitive inhibitors of L-amino acid oxidase. The inhibitor constants for a 
number of ring-substituted benzoates and some other compounds have been 
determined. They do not follow a linear Hammett relationship. 
L-amino acid oxidase reacts immediately with these inhibitors to form spec-
trally detectable enzyme-inhibitor complexes. Almost all inhibitors cause a blue 
shift of either one or both visible absorption bands of the flavoprotein and have 
influences on the extinction coefficients of their absorption maxima. These 
effects may be explained by indirect changes in the environment of the isoal-
loxazine rather than by direct complex formation of the inhibitor with this 
ring system. The enzyme complex with o-aminobenzoate gives an additional 
broad band, extending from 540 to 750 nm. In this case direct complex forma-
tion with the isoalloxazine moiety is assumed. o-Mercaptobenzoate causes a red 
shift of the long-wavelength absorption band of the enzyme, immediately 
followed by a slow and incomplete reduction of the enzyme-bound FAD. 
The kinetically determined inhibition constants are in good agreement with 
the dissociation constants of the enzyme-inhibitor complexes, determined by 
titration of the enzyme with the inhibitor at the same pH and temperature. The 
dissociation constants, thus determined were found to be dependent on the pH 
of the reaction mixture. For the L-amino acid oxidase-o-aminobenzoate 
complex, the dissociation constant had a minimum value of 0.24 mM at pH 8.6. 
From curves, relating pH to absorption differences, a group in the free enzyme 
was found with an apparent pKa value of 7.80, which participates in the binding 
of the inhibitor. 
The spectrum of the free enzyme is also dependent on the pH. An instan-
taneous and reversible blue shift is observed when going from pH 5.0 to pH 7.0, 
with a midpoint near pH 6.1. As a result, the unresolved 460 nm band at pH 
5.0 becomes slightly resolved at higher pH. Above pH 8.2 an additional slow 
and apparently irreversible blue shift occurs, which is also found on inactivation 
of the enzyme in the presence of 0.1 M phosphate at lower pH and higher 
temperature, as described previously. 
Chapter 3 gives an account of an investigation on the structure of L-amino 
acid oxidase. Ultracentrifugation both in the presence and the absence of 
denaturing agents showed that the native enzyme is a non-covalent dimer, 
consisting of two subunits with a molecular weight of 70,000. Two types of 
polypeptide chain occur in this enzyme system, but in unequal amounts (a 
ratio near 2.5/1). Peptide mapping experiments are consistent with a high 
degree of homology between these two kinds of polypeptide chain. The chains 
differ, however, in both their electrophoretic mobility and amino terminal 
residues. With starch gel and Polyacrylamide gel electrophoresis a separation 
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into 3 isozymes was obtained. These three isozymes appear to be the result of 
the various combinations aa, ab and bb of the differing subunits a and b to 
give native dimer. Isozyme aa was isolated by preperative Polyacrylamide gel 
electrophoresis. The amino acid composition was only slightly different from 
that of the mixture of isozymes. Removal of sialic acid with neuraminidase 
resulted in a decreased electrophoretic mobility but the three banded pattern 
did not change. The sugar composition of the mixture of isozymes was also 
determined. Carboxymethylation studies indicate that the native enzyme con-
tains 4 SH groups, while 12-13 halfcystine groups are either involved in in-
trachain disulfide bridges or may not be accessible for the alkylating reagent, 
monoiodoacetic acid. 
In chapter 4 an instrument is described to measure mean fluorescence life-
times of sub-nanosecond duration. With this instrument the rates of fast reac-
tions are measured which are competitive with the fluorescence emission. The 
intramolecular quenching of the isoalloxazine moiety by the adenine group in 
FAD was investigated. At 25°, 70% of the observed fluorescence quenching is 
caused by complex formation while 30 % is caused by interaction of adenine 
with the isoalloxazine during the lifetime of the excited state. The dissociation 
constant of the complex was 0.43, the heat of dissociation was 2.7 kcal/mole 
with an entropy change of 7.4 e.u. The rate constant for dynamic quenching 
was 9.107 sec -1. From the Arrhenius plot an energy of activation of 5600 cal/ 
mole was calculated. The quenching of FMN by I~ was diffusion limited. From 
the Debye equation it was concluded that about 50% of the collisions are 
effective in quenching. 
Interpretation of similar experiments with the flavoprotein lipoamide dehy-
drogenase was more difficult. At 25°, 46 % of the quenching is caused by complex 
formation. It is not possible to conclude wether this is a complex with adenine 
or with some other group in the protein such as tryptophane. With the assump-
tion that the van 't Hoff relation may be used for this system, a heat of dissocia-
tion of -840 cal/mole was found for the native enzyme and -650 cal/mole for 
the copper-modified enzyme. This means that the dissociation of the complex 
increases with decreasing temperature. An increase of the dissociation of the 
complex with FAD in the copper-modified enzyme with respect to the native 
enzyme was also observed. This is discussed with respect to other observations 
on these enzymes. A discontinuity was found in the plot of the fluorescence 
yield of both proteins vs. temperature. This anomaly was also found in the 
Arrhenius plot for the dynamic quenching but not in the van 't Hoff plot for 
complex quenching. It was assumed that two conformations exist, influencing 
only the dynamic quenching. The activation energy for dynamic quenching in 
the low temperature conformation of the native enzyme was 11.8 kcal/mole 
and 9.6 kcal/mole in the high temperature form. A transition temperature was 
less clearly observed for the copper-modified enzyme in the Arrhenius plot. 
An activation energy of 9.8 kcal/mole was calculated from this plot. 
The effect of the mean lifetime on the fluorescence polarization was also 
studied. A deviation of the Perrin equation was found. This deviation was 
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compared with other deviations from this equation, found in the literature. A 
reasonable explanation could not be given however. 
Chapter 5 gives an account of an investigation on the effect of light on several 
fiavoproteins. It was found, that, dependent on the wavelength of irradiation 
used, one of the products of the enzymatic reaction, the a-keto acid, reduces the 
flavin either reversibly to the semiquinoid state or irreversibly to form an 
addition compound with the isoalloxazine. The adduct, resulting from the 
irradiation of a mixture of D-amino acid oxidase and pyruvate, was isolated. 
The structure, was interpreted as that of N-5-acetyl-l,5-dihydro FAD. The 
significance of this reaction for the mechanism of flavoprotein catalysis is 
discussed. 
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S A M E N V A T T I N G 
In hoofdstuk 2 worden de effecten van een aantal competitieve remmers en 
van de pH op het enzym L-aminozuur oxidase besproken. Gevonden werd dat 
aromatische carbonzuren competitieve remmers zijn van L-aminozuur oxidase. 
De remmingskonstanten voor een aantal in de ring gesubstitueerde benzoaten 
en voor enkele andere verbindingen werden bepaald. Zij voldeden niet aan de 
Hammett relatie. 
Deze remmers vormden spectraal waarneembare enzym-remstof complexen. 
Bijna alle remmers veroorzaakten een blauwverschuiving van een of van beide 
absorptiebanden in het zichtbare deel van het spectrum. Bovendien werden in-
vloeden op de absorptiemaxima waargenomen. Deze spectrale veranderingen 
werden beschouwd als indirecte invloeden op de omgeving van de isoalloxazine 
groep. Directe complex vorming met deze groep werd onwaarschijnlijk ge-
acht. Dit geldt waarschijnlijk niet voor het complex met o-aminobenzoaat, 
waar bovendien een extra absorptieband van 540 tot 700 nm werd waargeno-
men. Hier wordt gedacht aan een charge-transfer verbinding met het isoal-
loxazine. 
De kinetisch bepaalde remmingskonstanten stemden goed overeen met de 
dissociatiekonstanten, bepaald uit de spectrale verschuivingen. De pH invloed 
op deze dissociatiekonstanten werd nagegaan voor het o-aminobenzoaat-L-
aminozuur oxidase complex. Hieruit werd afgeleid dat een ionizeerbare groep 
in het vrije enzym met eenpKa waarde van 7.8 bepalend is voor de binding van 
de remmer aan het enzym. 
Ook werd een pH effect op het enzym zelf waargenomen. Een reversibele 
blauwverschuiving werd gevonden gaande van pH 5.0 naar pH 7.0. Door deze 
spectrale verschuiving werd de onopgesplitste 460 nm band enigszins op-
gesplitst bij hogere pH. Dit kan duiden op een meer apolaire omgeving bij 
hogere pH. Boven pH 8.2 werd een verdere, maar nu irreversibele verschuiving 
naar het blauw waargenomen. Deze verschuiving werd ook gevonden bij de 
reeds eerder beschreven reversibele inactivering door fosfaat. 
In hoofdstuk 3 wordt een studie beschreven van de eiwit structuur van het 
L-aminozuur oxidase. Gevonden werd dat het natieve enzym bestaat uit twee 
subeenheden met een molecuulgewicht van ca. 70.000. Deze twee subeenheden 
komen voor in een verhouding 2,5:1. Zij bevatten verschillende eindgroepen, 
nl. alanine en tyrosine. Uit peptide kaarten bleek dat er verder een grote mate 
van overeenkomst in aminozuurvolgorde moet bestaan tussen de beide sub-
eenheden. Met behulp van zetmeelgel en polyacrylamidegel electroforese kon het 
natieve enzym in drie isozymen worden gescheiden. De onderlinge verhouding 
van de hoeveelheden der drie isozymen kan worden verklaard uit de drie moge-
lijke combinaties, aa, ab en bb van de subeenheden a en b tot het natieve enzym. 
Het isozym, gevormd uit de combinatie aa, werd geïsoleerd met behulp van 
preparatieve Polyacrylamide gel electroforese. De aminozuur samenstelling 
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week slechts op enkele punten af van die van het mengsel der isozymen. Van het 
mengsel der isozymen werd verder de suikersamenstelling bepaald. Afsplitsing 
van neuraminezuur met behulp van neuraminidase resulteerde in een geringere 
electroforetische mobiliteit met behoud van het drie banden patroon. Uit een 
vergelijking van de hoeveelheden S-carboxymethylcysteine voor en na reductie 
in 8 M ureum werd geconcludeerd dat het enzym 4 SH groepen bevat, terwijl 
12-13 half-cystine residu's ofwel betrokken zijn in disulfide bruggen in elk der 
ketens of niet toegankelijk zijn voor het alkylerings reagens, monojoodazijn-
zuur. 
In hoofdstuk 4 wordt een instrument beschreven voor nauwkeurige metingen 
van de gemiddelde levensduur van de fluorescentie emissie. Dit maakt het 
mogelijk de reactiesnelheden te meten van zeer snelle processen, die competitief 
zijn met het emissie proces. De intramoleculaire doving van de fluorescentie 
van FAD werd nader onderzocht. Het bleek dat bij 25° 70% van de doving 
wordt veroorzaakt door de vorming van een intramoleculair complex tussen de 
isoalloxazine groep en de adenine groep. De dissociatieconstante was 0,43, 
de dissociatiewarmte 2,7 kcal/mol. en de entropieverandering 7,4 e.u. 30% van 
de waargenomen doving wordt veroorzaakt door botsingen van adenine met het 
isoalloxazinedeel in de aangeslagen toestand. De snelheidskonstante was 9.107 
sec^1. Uit de verandering van de snelheidskonstante met de temperatuur werd 
een activeringsenergie van 5600 cal/mol berekend. Voor de doving van FMN 
door I~ wordt de snelheidskonstante door de diffusie bepaald. Uit de Debije 
vergelijking werd afgeleid dat bij benadering 50% van de botsingen tot doving 
leidt. 
Metingen van de gemiddelde levensduur van de flavine fluorescentie in 
lipoamide dehydrogenase bleken moeilijker te interpreteren. Bij 25° wordt 46 % 
van de doving hier door complexvorming veroorzaakt. Het is niet duidelijk of 
dit door adenine gebeurd of door een aromatische aminozuurrest, zoals tryp-
tophaan. Aannemende dat de wet van Van 't Hoff mag worden toegepast 
voor dit systeem, werd een dissociatiewarmte van -840 cal/mol voor het natieve 
enzym en -650 cal/mol voor het koper gemodificeerde enzym gevonden. Dit 
betekent dat de dissociatie van het complex toeneemt bij lagere temperatuur. 
Een toename van de dissociatie t.o.v. het natieve enzym werd gevonden in het 
koper gemodificeerde enzym. Dit werd in verband gebracht met reeds eerder 
gedane waarnemingen met dit enzym. De fluorescentie afname bij temperatuurs-
verhoging vertoonde een discontinuïteit bij 20°, zowel in het natieve als in het 
koper gemodificeerde enzym. Deze knik werd teruggevonden in een Arrhenius 
grafiek voor de dynamische doving maar niet in de van 't Hoff grafiek voor de 
complex doving. Aangenomen werd dat bij 20° een conformatieverandering in 
het eiwit optreedt, die alleen de dynamische doving beïnvloedt. De activerings-
energie voor de dynamische doving in de lage temperatuur conformatie van 
lipoamide dehydrogenase bedroeg 11,8 kcal/mol, terwijl deze 9,6 kcal/mol be-
droeg voor de hoge temperatuur vorm. Het koper gemodificeerde enzym ver-
toonde een minder duidelijke transitie temperatuur in de Arrhenius grafiek. 
Een activeringsenergie van 9,8 kcal per mol werd hier berekend. 
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Het effect van de verandering van de gemiddelde levensduur van de fluores-
centie emissie door toevoeging van een dynamische dover op de polarisatie van 
flavinen werd bestudeerd. Een afwijking van de Perrin vergelijking werd ge-
constateerd. Deze werd vergeleken met verklaringen van reeds eerder geconsta-
teerde afwijkingen in de litteratuur. Een afdoende verklaring kon echter niet 
worden gegeven. 
In hoofdstuk 5 wordt een verslag gegeven van een onderzoek op het gebied 
van photochemische reakties van flavoproteinen. Gevonden werd dat, afhanke-
lijk van de golflengte van excitatie, een van de producten van de enzymatische 
reaktie, het a-ketozuur, hetzij het flavine reversibel reduceert tot de semichinon-
vorm, hetzij irreversibel addeert aan het flavine. Het adduct van pyruvaat aan 
FAD werd geïsoleerd. De structuur werd geïnterpreteerd als N-5-acetyl-l,5-
dihydroFAD. De eventuele betekenis van deze reaktie voor het mechanisme 
van de flavoproteine katalyse in het algemeen en van pyruvaat oxidase uit 
Escherichia Coli in het bijzonder wordt besproken. 
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